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Endesa is one of the largest electric power companies in the 
world, the leading Iberian electric utility and the top 

ranking private electricity multinational in Latin America. 
The company operates in 10 countries, controls more than 

40 000 MW with a customer base of 25 million. In 2009, 
Endesa became part of Enel Group.

With 3664 MW of installed nuclear capacity, Endesa is the largest 
producer of nuclear energy in Spain, operating the plants of 

Ascó and Vandellós in Catalonia.

Endesa is committed to the safety of its nuclear plants and 
their long-term effi cient operation; Endesa cooperates with 

the global nuclear industry in terms of safety.

Among its policies, one of the most relevant is training for 
workers, as well as technological innovation, social 

development of the areas in which they operate their plants 
and care for the environment, contributing to a more 

sustainable world.
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2
The lifecycle of a nuclear power plant

A. CARNINO, Consultant in Safety, Management of Safety, 
Safety Culture and Security, France

Abstract: This chapter deals with the nuclear fuel cycle and briefl y 
reviews all its phases. Nuclear power plants are then considered through 
their lifecycle and the development of new power plants is examined 
from the time of decision to embark on a nuclear programme to the 
decommissioning phase.

Key words: nuclear fuel cycle, nuclear power plant lifecycle, safety 
principles, requirements for new NPPs, international conventions, site 
selection, design, construction, commissioning, operation, transportation, 
security, decommissioning and dismantling, nuclear waste management.

2.1 Introduction

For countries deciding to launch or rebuild a nuclear power programme it 
is important to understand that it is a commitment of some 100 years which 
also requires the accomplishment of a number of steps before the fi nal 
construction decision is taken. Considerations need to be given to the 
knowledge of the whole fuel cycle, its constraints and its requirements. In 
addition, economic factors linked to loan availability as well as the means 
to implement good safety procedures constitute prerequisites.

2.2 Overview of the complete nuclear fuel cycle

The different steps of the fuel cycle are as follows:

 1. Mining and milling to extract the ore.
 2. Conversion factories to extract the uranium-235 (U235) from the ore and 

transform it into the well-known yellowcake.
 3. Enrichment facilities to transform the yellowcake into UO2 enriched to 

3–4% for later production of the fuel for nuclear power plants.
 4. Fuel fabrication factories.
 5. Irradiation of the fuel in nuclear power plants up to the burn-up desired.
 6. Irradiated fuel intermediate storage waiting for a certain decay before 

being sent to irradiated fuel treatment.
 7. Irradiated fuel treatment with a choice between two options: either 

direct storage of the irradiated fuel in special packages for intermediate 
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and later fi nal storage in deep geological storage, or reprocessing for 
separating the plutonium and used uranium in order to reuse them in 
mixed oxide fuel (called MOX), and the rest being compacted and vitri-
fi ed into wastes containers for fi nal storage.

 8. Final storage in deep geological formations.

These are shown together with their interconnections in Fig. 2.1. The steps 
up to loading the fuel in a nuclear power plant are called the front end of 
the fuel cycle, and the steps after unloading the fuel from the reactor are 
called the back end.

For accomplishing all these steps transportation of radioactive materials 
and fuel is necessary. The main challenges in the whole fuel cycle are pro-
liferation resistance, security and safety as well as ensuring the sustainability 
of uranium and fuel supply, site remediation after closure of the factories 
and fi nal siting for disposal of wastes.

The total reported uranium resources in the world in 2009 were 5400/6300 
th.tU (reasonably assured resources/inferred resources). These would last 
for 100 years at recent demand level (source: IAEA). The fuel cost is an 
advantage for the industry. The price fl uctuates depending on the market 
but recently prices have increased with the expectation of nuclear rebirth. 
Nuclear power is still economically viable even with increased prices. Since 
2003, which was the year of the maximum price, the price has slowly fallen 
to now some 50 US dollars per pound. The remaining problem is security 
of supply for all countries engaging in nuclear energy. Some projects are 

Nuclear Fuel Cycle

Mining and milling Conversion facility

Enrichment facility

Fuel fabrication factories

Nuclear power plant
Intermediate irradiated

fuel storage on site

Final storage
in deep geological

formations

Reprocessing facility

Packaging of irradiated
fuel for interim storage

HL wastes

2.1 The nuclear fuel cycle.
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advancing for creating an international fuel bank under the auspices of 
IAEA.

Another sensitive area for the front end of the fuel cycle is the enrich-
ment process. The key issue is the risk of proliferation: by successive itera-
tion, highly enriched uranium, for example, can be diverted to usage in 
nuclear weapons. The cost of enrichment is around 160 US dollars per SWU 
(separative work unit). Techniques mostly used for enrichment are gaseous 
diffusion and centrifuges.

The fuel itself, once in the reactor, has to be highly reliable since it con-
stitutes the fi rst physical barrier between the radioactive material and the 
primary system coolant. It is also needed to reach a high burn-up, which 
means it can stay in the reactor core for fi ve or six years, thus authorizing 
longer periods of time between refuelling.

Coming to the back end of the fuel cycle, after the fuel has been unloaded 
from the reactor core, the main problem is the used fuel management. At 
this stage the fuel contains 1% Pu and 92.5% U. The total radiotoxicity 
decreases with time and depends on the material considered.

If the choice has been made of reprocessing the used fuel, the process 
will separate the nuclear materials reusable from the wastes. 99.9% of the 
nuclear materials are recovered after reprocessing and the volumes of 
wastes have been extensively reduced. The high-level wastes are then 
treated by vitrifi cation into containers for storage.

Nuclear wastes have been categorized in terms of their activity. Table 2.1 
the lists terms used together with their siting recommendations. Nuclear 
wastes are also produced by medical applications, industrial radioactive 
sources, research and research reactors and accelerators. These too are also 
stored according to their radioactivity in the same way and with the same 
precautions as the reactor wastes coming from nuclear power operation or 
used fuel and wastes from other nuclear activities such as reprocessing and 
dismantling.

Table 2.1 Nuclear waste classifi cation and disposal options

Terms used for nuclear wastes Most agreed disposal options

EW = exempt wastes
VLLW = very low level wastes

Dilute and disperse

LLW = low level wastes
L/ILW = low and intermediate level wastes

Near-surface trenches

LILW = short lived L/ILW
LILW-LL = long lived and intermediate level

Engineered facilities on or 
near surface

ILW = intermediate level wastes Intermediate depth caverns

HLW = high level wastes Deep geological repositories
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Storage of HLW is considered as an interim solution and fi nal HLW 
repositories must be found, which means that, from the beginning and 
throughout the lifetime of the nuclear power plant, solutions should be 
considered and found for countries coming to develop a nuclear programme. 
Final repositories are in deep geological disposal sites. The challenges are 
the social acceptability and the interdisciplinary tasks for safe repository 
siting and operation.

2.3 Overview of the nuclear power plant lifecycle

The different phases in the life of a nuclear power plant can be summarized 
by the following:

• Decision to build a nuclear power plant and choice of the type of plant 
after the bidding process

• Site selection
• Design, construction and commissioning
• Operation including periodic safety reassessment up to the end of the 

lifetime
• Decommissioning and dismantling
• Spent fuel management and waste storage/repository.

In parallel the availability of fuel supply should be addressed and perma-
nent training and retraining should be a concern for the whole duration of 
the life (currently 60 years) with preservation and transmission of 
knowledge.

Documentation should also be maintained during the life of the installa-
tion in a manner easy to refer to and especially including the regulatory 
decisions or licence conditions. The IAEA document INSAG-19 (IAEA, 
2003b) is concerned with maintaining the design integrity of nuclear instal-
lations throughout their operating lifetime and further recommends the 
creation of a design authority within the licensee:

‘The need to maintain design integrity and to preserve the necessary detailed 
and specialized design knowledge poses a signifi cant challenge for the organi-
zation that has overall responsibility for the safety of a plant over its operating 
lifetime. This organization, namely the operating organization, will therefore 
need to take specifi c and vigorous steps to assure itself that the design knowl-
edge is maintained appropriately. The operating organization must also assure 
itself that a formal and rigorous design change process exists so that the actual 
confi guration of the plant throughout its life is consistent with changes to the 
design, that changes can be made with full knowledge of the original design 
intent, the design philosophy and of all the details of implementation of the 
design, and that this knowledge is maintained or improved throughout the 
lifetime of the plant. For the process of controlling design change, the acces-
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sibility of design knowledge is not a trivial matter. The amount of data is huge, 
as it includes, for example, original design calculations, research results, math-
ematical models, commissioning test results and inspection history. Further, 
many design change issues can be complex.’

Safety culture, which is translated into the expression ‘safety fi rst’, should 
be implemented during the whole lifecycle of a nuclear power plant from 
design to decommissioning and waste management. The concept of safety 
culture applies to organizations, including all levels of management, and 
to the individuals who should always demonstrate in their attitudes and 
behaviours their dedication to safety. Appendix 2 of the present book gives 
defi nitions, assessment and enhancement of safety culture in nuclear 
installations.

2.4 Requirements for new nuclear power plants

To deal with requirements for new nuclear power plants, two main docu-
ments should be referred to: IAEA (2007b), Milestones in the Development 
of a National Infrastructure for Nuclear Power, NG-G-3.1, and IAEA 
(2008a), Nuclear Safety Infrastructure for a National Nuclear Power 
Programme Supported by the IAEA Fundamental Safety Principles, 
INSAG-22.

2.4.1 Preliminary phase

At the level of a country and upon the decision of the government, the fi rst 
preliminary phase is to prepare the manpower necessary for carrying the 
programme, a phase that will evolve with time over periods as long as 10 
years, and to ratify all international conventions necessary to meet the 
necessary levels of safety, security and safeguards.

Manpower development, in addition to nuclear engineering achieved 
through education, theoretical training and on-the-job training, if necessary 
in foreign countries, should follow a very long schedule to be able to man 
the required structure to be put in place. Such a structure is composed of 
the energy producer, the regulatory body, research laboratories and techni-
cal support organizations. It is recommended to man the top levels of the 
structure with nationals having the power of decision and well-established 
responsibilities. One should not forget to prepare the manpower necessary 
for the maintenance of the installations.

A national structure should be set for managing the whole programme. 
This includes the government support ministries with a clear defi nition of 
roles and responsibilities, and the availability of fi nancial and human 
resources.
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The international legal framework comprises the international legal 
framework for nuclear safety, the international legal framework for nuclear 
security, and the international nuclear security initiatives.

For safety there are the Convention on Nuclear Safety (IAEA, 1994), the 
Joint Convention on the Safety of Spent Fuel Management and on the Safety 
of Radioactive Waste Management (IAEA, 1997), the Convention on Early 
Notifi cation of a Nuclear Accident and the Convention on Assistance in the 
Case of a Nuclear Accident or Radiological Emergency (IAEA, 1986a, 
1986b) complemented by bilateral agreements between neighbouring 
countries, Regulations for the Safe Transport of Radioactive Materials 
(IAEA, 2009c), the Code of Conduct on the Safety and Security of 
Radioactive Sources (IAEA, 2004) and the Code of Conduct on the Safety 
of Research Reactors (IAEA, 2006a). The references for developing 
and implementing nuclear laws are IAEA (2003c), Nuclear Law Handbook, 
and the newer IAEA (2010a), Nuclear Law Handbook – Implementing 
Legislation.

It is necessary to implement at all stages of the life of the installation the 
10 fundamental principles that sustain safety as developed in IAEA (2006b), 
Safety Standards Series, Fundamental Safety Principles, SF-1:

Principle 1: Responsibility for safety.
Principle 2: Role of government.
Principle 3: Leadership and management of safety.
Principle 4: Justifi cation of facilities and activites.
Principle 5: Optimization of protection.
Principle 6: Limitation of risk to individuals.
Principle 7: Protection of present and future generations.
Principle 8: Prevention of accidents.
Principle 9: Emergency preparedness and response.
Principle 10: Protective actions to reduce existing or unregulated 

radiation.

These principles constitute the starting point of the review and revision of 
all safety standards series of the IAEA.

For security there are the Convention on the Physical Protection of 
Nuclear Material (IAEA, 1979), the Convention for the Suppression of Acts 
of Nuclear Terrorism (IAEA, 2005), the Convention for the Suppression of 
Unlawful Acts Against the Safety of Maritime Navigation (IMO, 1988) and 
UN Security Council Resolution 1540 which asks ‘States to prohibit non-
State actors from acquiring such weapons through adoption of laws, enforce-
ment measures, domestic controls’. In addition a certain number of initiatives 
need also to be implemented: the Nuclear Threat Initiative, the IAEA 
security plan, and the UN Global Counter-Terrorism Strategy.
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The IAEA (2003c) Nuclear Law Handbook and the newer IAEA (2010a) 
Nuclear Law Handbook – Implementing Legislation cover all these inter-
national aspects and give all necessary details for implementation.

For safeguards, the Non-Proliferation Treaty engages all state parties to 
implement export controls (not to transfer nuclear material and single-use 
equipment and material to non-nuclear weapons States except subject to 
Agency safeguards (Art. III.2)), technology transfers (to facilitate fullest 
possible exchange of equipment, materials and scientifi c and technological 
information for peaceful uses of nuclear energy (Art. IV.2)) and disarma-
ment (to pursue negotiations on measures relating to cessation of the 
nuclear arms race and to nuclear disarmament, and on treaty on general 
and complete disarmament under international control (Art. VI)); the veri-
fi cation process is in the hands of the IAEA via Comprehensive Safeguards 
Agreements. The structure and content of Agreements between the Agency 
and States, in connection with the Treaty on the Non-Proliferation of 
Nuclear Weapons INFCIRC/153 (Corr.), requires from countries the estab-
lishment of a State system of accounting and control (SSAC), an informa-
tion system for record keeping by operators, reporting inventories, imports, 
exports and production of nuclear materials, providing information on 
design of nuclear facilities and other locations where nuclear material is 
used, and giving access to facilities and other locations, involving facility 
design information verifi cations, inspections and cooperation with the 
Agency. Chapter 13 of the present book deals in more detail with the safe-
guards regime.

Finally, the country should also sign one of the Conventions on Civil 
Liability for nuclear damage. Special arrangements have been adopted 
under both national laws and international legal instruments to deal 
with the problem of how to compensate persons for injuries and other 
damage that could result from nuclear incidents. Reference IAEA (2010a), 
Nuclear Law Handbook – Implementing Legislation, lists the following 
principles:

‘(a) A defi ned scope for the liability regime based on specifi c concepts, 
namely “nuclear installation”, “operator”, “nuclear incident” and “nuclear 
damage”

(b) Strict (no fault) liability imposed on the operator of a nuclear installation 
(also referred to as “absolute” liability)

(c) Exclusive liability of the operator (so-called legal channelling of liability 
onto one person – namely, the operator – to the exclusion of other 
persons)

(d) Exonerations of the operator from liability only in certain exhaustively 
enumerated circumstances (e.g. nuclear incidents directly due to warlike 
events, grave natural disasters of an exceptional character, conduct on the 
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part of the person suffering the damage which amounts to gross negli-
gence or intent to cause damage)

(e) Possibility of limiting the liability in amount
(f) Mandatory fi nancial security of the operator to meet liability
(g) Limitation of liability in time
(h) Non-discrimination and equal treatment of victims
(i) Exclusive jurisdiction of a single competent court
(j) Obligation to recognize and enforce fi nal judgements entered by the 

competent court in other contracting States without re-examination of 
the merits.’

These Conventions will also determine the responsibilities with the vendor 
and constructor of the plant.

The development of the national legal framework comes next. Again the 
reference IAEA (2010a), Nuclear Law Handbook – Implementing 
Legislation guides countries in developing their national nuclear legal 
framework.

The national nuclear law needs to be established and should meet all the 
obligations induced by the ratifi cation process underlined above. It should 
also meet the constraints of the legislative system of the country. The defi ni-
tion of the national nuclear law is the following: ‘Nuclear law is the body 
of special legal norms created to regulate the conduct of legal or natural 
persons engaged in activities related to fi ssionable materials and ionizing 
radiation’ (IAEA, 2010a).

The government should include public participation in the preliminary 
steps: the support of opinion support is essential for carrying out a nuclear 
programme. Regular information meetings could be envisaged, especially 
at the various steps described in the next paragraphs.

2.4.2 Site selection

The life of a nuclear power plant starts with the selection of the site. 
This study is necessary prior to the bidding process. The reference IAEA 
(2003a), Safety Standards Series, Site Evaluation for Nuclear Installations. 
Safety Requirements, NS-R-3, gives all details for proceeding to site 
evaluation:

‘The main objective in site evaluation for nuclear installations in terms of 
nuclear safety is to protect the public and the environment from the radiologi-
cal consequences of radioactive releases due to accidents. Releases due to 
normal operation should also be considered. In the evaluation of the suitability 
of a site for a nuclear installation, the following aspects shall be considered:

(a) The effects of external events occurring in the region of the particular site 
(these events could be of natural origin or human induced). Site charac-
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teristics that may affect the safety of the nuclear installation shall be 
investigated and assessed. Characteristics of the natural environment in 
the region that may be affected by potential radiological impacts in opera-
tional states and accident conditions shall be investigated. All these char-
acteristics shall be observed and monitored throughout the lifetime of the 
installation.

(b) The characteristics of the site and its environment that could infl uence 
the transfer to persons and the environment of radioactive material that 
has been released.

(c) The population density and population distribution and other character-
istics of the external zone in so far as they may affect the possibility of 
implementing emergency measures and the need to evaluate the risks to 
individuals and the population.’

If the site evaluation for the three aspects cited indicates that the site is 
unacceptable and the defi ciencies cannot be compensated for by means of 
design features, measures for site protection or administrative procedures, 
the site shall be deemed unsuitable.

Proposed sites for nuclear installations shall be examined with regard to 
the frequency and severity of external natural and human-induced events 
and phenomena that could affect the safety of the installation. In addition 
to providing the technical basis for the safety analysis report to be submit-
ted to the nuclear regulatory body, the technical information obtained for 
use in complying with these safety requirements will also be useful in fulfi ll-
ing the requirements for the environmental impact assessment for radio-
logical hazards. Site selection is discussed in more detail in Chapter 18 of 
the present book.

In addition, one should not forget to examine the electrical grid potential 
to receive the electricity production from the plant and make sure of its 
adequacy or plan the necessary modifi cations. This is discussed in more 
detail in reference IAEA (2007b), Milestones in the Development of a 
National Infrastructure for Nuclear Power, NG-G-3.1.

2.4.3 Call for bids and bid evaluation

Having determined the suitable sites, having in place the necessary infra-
structure and legal instruments, the next step is to decide which vendors 
and plant types and power are needed for the energy plan of the country. 
The plan should include the forecast of energy demand over at least six 
decades. A small investment is necessary during this phase: the preparation 
of the required and available competence, the national energy requirements 
and the availability of the necessary funds including loans as necessary. The 
evaluation of the industrial capabilities of the country is to be determined 
at this stage since it infl uences the choices and decisions for the bidding 
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process, for example a turnkey contract, or the inclusion of supplementary 
training for staff.

For the bid evaluation, a team should be constituted that will work with 
a given set of criteria depending on the specifi cations of the bid. 
Consultation with the established regulatory body is also necessary to 
make sure that the projects submitted meet all the safety requirements 
and would be licensable. It is recommended to verify that the reactor 
proposed in the bids is licensable in the country of the vendor and that a 
prototype has already been built. Depending on the bid specifi cation, it 
should also be examined whether the proposal includes the necessary 
transfer of information supporting the construction and operation of the 
nuclear power plant during its lifetime. Decommissioning provisions 
should also be part of the project to facilitate the end of life of the instal-
lation. See Chapter 24 of the present book for detailed information on 
decommissioning.

The technology to choose depends on the energy plan and fi nancial pos-
sibilities. The most advanced technologies at the present time are light water 
reactors, pressurized or boiling. The fuel supply guarantees need to be con-
sidered together with the spent fuel storage and fi nal disposal.

2.4.4 Design, construction and commissioning

This phase is extremely important since it constitutes the opportunity for 
the national organizations such as the regulatory body and the operator to 
start having ‘hands on’ the installation. A site permit has to be issued by 
the regulator for starting the construction work.

The design is fi nalized taking into account the site characteristics. 
Components are ordered by the constructor. Quality assurance is the main 
objective to be pursued; it includes visits to the companies delivering the 
large components. Chapter 21 of this book gives the necessary develop-
ments for quality assurance.

The detailed instrumentation and control systems are then defi ned and 
will infl uence the procedures to be implemented in operation for normal 
functioning, incident and accident management. The reference IAEA 
(2009a), Safety Standards Series, Safety Requirements for the Design of a 
Nuclear Power Plant, NS-R-1, covers all aspects of designing instrumenta-
tion and control systems.

During the construction phase, the role of the national organizations is 
essentially to ensure the quality of all the materials and components used. 
To this aim, the national regulator has to perform a number of inspections. 
Participation and observation of the various tests during the construction 
require the presence of both the regulator and the operator. This will result 
in delivering the fi rst authorization which is to start the commissioning 
phase.
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The commissioning phase includes numerous functional tests. The success 
in this leads to the delivery of fresh fuel and fuel loading. Then starts the 
start-up test with different phases to obtain fi rst criticality and later power 
increases up to normal power. This phase usually lasts one or two years 
depending on the test results. Before full power can be reached, the regula-
tor has to issue the offi cial permit to fuel loading and start-up. At this stage 
procedures for normal operation and incidents have to be available with 
operators trained on them with the use of functional simulators if possible. 
During the time of slow power increases, it is necessary to develop, test 
on simulator and train operators on accident procedures and accident 
management. Chapter 22 of this books deals with this aspect of plant 
commissioning.

The emergency plan should also be ready to complete the operational 
procedures. As referred to in the present chapter under Section 2.4.1 
Preliminary phase, principle 9 of the safety fundamentals emphasizes the 
importance of preparing emergency planning. The necessary infrastructure 
may include participation of other governmental institutions, various min-
istries and neighbouring countries in addition to the national accident man-
agement and preparedness. The IAEA or other countries may provide 
assistance for implementing the emergency plans.

2.4.5 Operation

The management and organization of plant operations should be such as 
to ensure a high level of performance and safety in operations. Operation 
of the power plant is performed by monitoring and controlling the plant 
systems in accordance with relevant rules, operating procedures, established 
operational limits and conditions and administrative procedures. Shift per-
sonnel need to be authorized or licensed, both at the beginning of operation 
and also at regular intervals (every year, for instance). Such authorization 
or licensing has to be approved by the regulator. The reference IAEA 
(2000), Safety Standards Series, Safety Requirements for a Nuclear Power 
Plant Operation, NS-R-2, explains all the recommendations for the safe 
operation of a nuclear power plant.

The plant organization should clearly defi ne the roles and responsibilities 
of all plant staff: the operations manager has the overall responsibility for 
establishing and implementing the operations programme and has the 
responsibility for the day-to-day running of the operations. The resources, 
both human and fi nancial, need to be suffi cient for all operating functions. 
Control room operators have to be licensed and to know all procedures 
and be regularly trained appropriately.

The plant organization has to fi x as its fi rst priority ‘safety fi rst’ for all 
personnel. This means enforcing a good safety culture. Adequate training 
needs to be given on safety culture.

�� �� �� �� ��



48 Infrastructure and methodologies for justifi cation of NPPs

Published by Woodhead Publishing Limited, 2012

Special procedures have to be organized for maintenance, refuelling, 
shutdown activities, regular testing and outage activities.

The plant needs to promote plans for human resources training, retrain-
ing and authorization/licensing of operators. For a lifetime of 60 years 
for the plant, personnel needs should be anticipated for compensating 
for retirement and for new specialities that will be required, such as for 
decommissioning.

Operating experience and feedback is essential for ensuring the safety of 
the plant. It requires investigating all events which could or did affect the 
plant operational safety. The analysis should be shared with the regulatory 
body and with all the plant operators worldwide. The IAEA document 
IAEA (2008b), Improving the International System for Operating Experience 
Feedback, INSAG-23, and the Incident Reporting System of the IAEA/
NEA demonstrate the necessity of exchanging information on events which 
occurred worldwide.

As the plant life goes, plant ageing management has to be put in place. 
It is recommended that a periodic safety review process is carried out every 
10 years to provide reassurance that the licensing basis is still valid, taking 
into account cumulative ageing effects, obsolescence of equipment or mate-
rials, modifi cations implemented during the plant life, lessons from world-
wide operating experience, results of advanced research and changes in 
international safety standards. The IAEA (2009b) Safety Standards Series 
document Ageing Management for Nuclear Power Plants, NS-G-2.12, gives 
all requirements for dealing with ageing.

Transportation of radioactive materials in safe and secure conditions will 
be prepared in the country and internationally as need be. Transportation 
may be by road, rail, sea or air. More information can be found in IAEA 
(2009c), Safety Standards Series, Regulations for the Safe Transport of 
Radioactive Material, TS-R-1; IAEA (2007a), Considerations to Launch a 
Nuclear Power Programme; and IAEA (2008c), Nuclear Security Series 
Guidelines, Security in the Transport of Radioactive Material, no. 9.

Security should be enforced to protect all radioactive material from 
diversion or terrorism as required by the relevant ratifi ed conventions. All 
relevant information can be found in IAEA (2008c), Nuclear Security 
Series Guidelines, Security in the Transport of Radioactive Material, no. 9.

A very detailed and structured documentation programme needs to 
capture all operational data that may be of use for the decommissioning 
plan. From the beginning of the life of the installation, a decommissioning 
plan has to be approved by the regulatory body and to be updated regularly. 
At the end of the lifetime, the fi nal plan has to be approved before stopping 
the installation and starting to unload the used fuel. Financial provisions 
should be accumulated throughout the life of the plant and kept at the level 
necessary for the decommissioning operations. These should include the 
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used fuel management and the waste management resulting from the 
decommissioning phase.

2.4.6 Decommissioning, dismantling and 
waste management

As described above, a decommissioning plan has to be established and 
maintained throughout the plant’s lifetime and accepted by the regulatory 
body of the country. Adequate funds should be available. This gives the 
authorization for fi nal shutdown and the fi rst operation is then to unload 
the used fuel. The IAEA (2006c) Safety Standards Series document, 
Requirements for Decommissioning of Facilities Using Radioactive Material, 
WS-R-5, gives the precise ways of dealing with decommissioning.

The regulator has the responsibility for establishing the various criteria 
for the safety and environment of the decommissioning phase, for perform-
ing regular inspections and for checking the handling of the produced 
wastes. It also has to produce criteria which have to be met for the end state 
allowing the release of the site from regulatory control; when this is not 
feasible the site has to continue to be controlled and adequate measures 
shall be taken.

Internationally the recommended strategy for dismantling of a nuclear 
plant is immediate dismantling. But some factors may induce delays (for 
example, availability of waste disposal and long-term repository, funds and 
competent personnel availability). In any case, the facility must at all times 
demonstrate its safety.

An organization for the management and implementation of decommis-
sioning shall be established as part of the operating organization or dele-
gated to contractors but the responsibility still lies with the operating 
organization. It is important at this stage to remember the Fundamental 
Safety Principle 1 on Safety Responsibility (see Section 2.4.1).

Decommissioning and dismantling involve:

• Radioactivity, which means protection of the workers and the 
environment

• Contamination, which induces use of chemicals and the necessity of 
containment.

Dismantling of an installation produces enormous quantities of wastes. The 
wastes generated must be disposed of or recycled when possible. The low-
activity wastes can be disposed of in existing facilities that are usually avail-
able in most countries. For the other kinds of wastes it is important to 
reduce the volume as much as possible by separating the non-radioactive 
ones. The radioactive part (intermediate and high level) should be packaged 
and stored safely while waiting for availability of appropriate repositories. 
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If waste is stored on the site, a revised or new, separate authorization, 
including requirements for decommissioning, shall be issued for the 
facility.

2.5 Sources of further information and advice

IAEA

The IAEA is the world’s centre of cooperation in the nuclear fi eld. It was 
set up as the world’s ‘Atoms for Peace’ organization in 1957 within the 
United Nations family. The Agency works with its Member States and mul-
tiple partners worldwide to promote safe, secure and peaceful nuclear tech-
nologies. Its website is of particular interest for the readers of this book and 
more detailed information can be found on safeguards, safety standards, 
nuclear law, international conventions and technical matters related to fuel 
cycle installations and nuclear power plants.

WNA

WNA’s role is to support the global nuclear energy industry through expert 
Working Groups focused on industry goals and concerns representing the 
industry in such key policy forums as IAEA, ICRP and UN climate change 
talks, the WNA Public Information Service (the world’s leading resource 
for facts on nuclear energy), WNN (the foremost nuclear news service), the 
Biennial WNA Market Report (an authoritative projection of the global 
nuclear fuel market), the industry’s pre-eminent WNA Symposium and the 
World Nuclear Fuel Cycle conference, support for WNTI and Women-in-
Nuclear operating the World Nuclear Communicators Network to foster 
best practice in public information on nuclear energy, and the WNA Nuclear 
Energy Index of globally traded nuclear stocks.

WNU

Under WNA, the World Nuclear University is a global partnership commit-
ted to enhancing international education and leadership in the peaceful 
applications of nuclear science and technology. The central elements of the 
WNU partnership are the global organizations of the nuclear industry – the 
World Nuclear Association (WNA) and the World Association of Nuclear 
Operators (WANO) – and the intergovernmental nuclear agencies – the 
International Atomic Energy Agency (IAEA) and the Nuclear Energy 
Agency of the Organization for Economic Co-operation and Development 
(OECD-NEA), and the leading institutions of nuclear learning in some 30 
countries. WNU programmes are intended to complement existing institu-
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tions of nuclear learning by fi lling unmet educational and training needs on 
the international level. These programmes are designed to capitalize on the 
WNU’s strength as a partnership that draws on support from industry, 
governments and academia. To date, WNU programmes have focused on 
building nuclear leadership and providing orientation on the main issues 
that affect the global nuclear industry today. As of September 2009, nearly 
2000 nuclear professionals and students from over 60 countries had partici-
pated in such programmes called Summer Institute. Plans for future WNU 
programmes envisage widening their scope to include fostering industry 
and regulatory consensus on issues affecting nuclear industry operations, 
building policy consensus on a sound multinational framework to govern 
expanding nuclear commerce and power production, facilitating multina-
tional academic cooperation, and enhancing public understanding of nuclear 
science and technology.

WANO

The World Association of Nuclear Operators unites every company and 
country in the world with an operating commercial nuclear power plant to 
achieve the highest possible standards of nuclear safety. The WANO Mission 
is to maximize the safety and reliability of nuclear power plants worldwide 
by working together to assess, benchmark and improve performance 
through mutual support, exchange of information and emulation of best 
practices.

OECD/NEA

The Nuclear Energy Agency (NEA) is a specialized agency within the 
Organization for Economic Co-operation and Development (OECD), an 
intergovernmental organization of industrialized countries, based in Paris, 
France. The mission of the NEA is to assist its member countries in main-
taining and further developing, through international cooperation, the sci-
entifi c, technological and legal bases required for the safe, environmentally 
friendly and economical use of nuclear energy for peaceful purposes. To 
achieve this, the NEA works as a forum for sharing information and experi-
ence and promoting international co-operation, a centre of excellence 
which helps member countries to pool and maintain their technical exper-
tise, and a vehicle for facilitating policy analyses and developing consensus 
based on its technical work. The NEA’s current membership consists of 29 
countries, in Europe, North America and the Asia–Pacifi c region. Together 
they account for approximately 85% of the world’s installed nuclear capac-
ity. Nuclear power accounts for almost a quarter of the electricity produced 
in NEA member countries. The NEA works closely with the International 
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Atomic Energy Agency (IAEA) in Vienna – a specialized agency of the 
United Nations – and with the European Commission in Brussels. Within 
the OECD, there is close coordination with the International Energy 
Agency and the Environment Directorate, as well as contacts with other 
directorates, as appropriate. NEA areas of work are nuclear safety and 
regulation, nuclear energy development, radioactive waste management, 
radiological protection and public health, nuclear law and liability, nuclear 
science, the Data Bank, information and communication. For details see 
www.oecd-nea.org.

Euratom

The Euratom Treaty establishing the European Atomic Energy Community 
(Euratom) was initially created to coordinate the Member States’ research 
programmes for the peaceful use of nuclear energy. The Euratom Treaty 
today helps to pool knowledge, infrastructure, and funding of nuclear 
energy. It ensures the security of atomic energy supply within the frame-
work of a centralized monitoring system. Euratom acts in several areas 
connected with atomic energy, including research, the drawing-up of safety 
standards, and the peaceful uses of nuclear energy. One of the fundamental 
objectives of the Euratom Treaty is to ensure that all users in the European 
Union (EU) enjoy a regular and equitable supply of ores and nuclear fuels 
(source materials and special fi ssile materials). To this end, the Euratom 
Treaty created the Euratom Supply Agency, which has been operational 
since 1 June 1960. The Agency has the task of ensuring a regular and equi-
table supply of ores, source materials and special fi ssile materials in the EU. 
The Nuclear Illustrative Programme describes the status of the nuclear 
sector in the EU in 2006 and the possible developments in this sector, taking 
into account economic and environmental issues. ENSREG is the European 
Nuclear Safety Regulators Group. It is an independent authoritative expert 
body composed of senior offi cials from national regulatory or nuclear safety 
authorities from all 27 member states in the EU. ENSREG was established 
as the High Level Group on Nuclear Safety and Waste Management. The 
European Nuclear Energy Forum (ENEF) is a unique platform for a broad 
discussion, free of any taboos, on transparency issues as well as the oppor-
tunities and risks of nuclear energy. Founded in 2007, ENEF gathers all 
relevant stakeholders in the nuclear fi eld: governments of the 27 EU 
Member States, European institutions including the European Parliament 
and the European Economic and Social Committee, nuclear industry, elec-
tricity consumers and the civil society. EU heads of state and government 
adopted an energy policy for Europe which does not simply aim to boost 
competitiveness and secure energy supply, but also aspires to save energy 
and promote climate-friendly energy sources. Taking into account the sub-
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stantial contribution of nuclear energy to meeting these challenges, they 
endorsed the Commission proposal to organize a broad discussion among 
all relevant stakeholders on the opportunities and risks of nuclear energy.

WENRA

WENRA is a network of Chief Regulators of EU countries with nuclear 
power plants and Switzerland as well as of other interested European coun-
tries which have been granted observer status. The main objectives of 
WENRA are to develop a common approach to nuclear safety, to provide 
an independent capability to examine nuclear safety in applicant countries 
and to be a network of chief nuclear safety regulators in Europe exchanging 
experience and discussing signifi cant safety issues. For details, contact: info@
wenra.org.

In addition to all these organizations and institutions it is worth mentioning 
all the websites of national regulators and vendors which include a lot of 
useful information on nuclear energy.
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4
Regulatory requirements and practices in 

nuclear power programmes

G. CARUSO, International Atomic Energy Agency 
(IAEA), Austria

Abstract: Technology, people and organizations are the main 
contributors to safety and need to be considered properly in the 
regulatory framework in order to provide effective independent 
regulation of nuclear installations. The regulatory oversight includes the 
development and application of regulatory functions. The outcome of 
these functions provides the basis for determining the independent 
decision making on safety. The regulatory requirements, criteria and 
regulations that make up the selected regulatory approach are the basis 
for regulation and need to be properly integrated in the regulatory 
pyramid in accordance with the licensing process and with national 
arrangements.

Key words: licensing process, regulatory requirements, regulatory 
inspections, regulatory enforcement, regulatory oversight.

4.1 Introduction

Individual States establish the national policy for safety by means of differ-
ent instruments, statutes and laws. The nuclear regulator is empowered to 
regulate and control nuclear activity; the regulator implements national 
policy by means of a regulatory programme and verifi es compliance with 
national regulations. In general, the regulatory body develops strategies and 
promulgates regulations in the course of implementation of these national 
laws and policies.

The regulatory framework, as a major part of the national safety infra-
structure, is considered in the national policy, taking into account all bodies 
and organizations involved and their assigned responsibilities. Building a 

This chapter is the copyright of the International Atomic Energy Agency (IAEA) 
and is reproduced by the Publisher with the IAEA’s permission. Any further use or 
reproduction of the chapter, in whole or in part, requires the permission of the 
IAEA. The chapter has been written by a staff member of the IAEA in his personal 
capacity and not on behalf of the IAEA or the Director General of the IAEA. The 
views expressed in the chapter are not necessarily those of the IAEA and that the 
IAEA disclaims all liability in connection with the chapter and any use made 
thereof.
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national safety infrastructure for nuclear power is a complex and multidis-
ciplinary activity and can take over 10 years to complete.

In general, the policy for safety includes aspects such as general safety 
principles to protect both people and the environment, international legally 
binding and non-legally binding instruments, the regulatory system, the 
different governmental offi ces and organizations involved in nuclear safety, 
human resources and national safety research. These aspects are strongly 
dependent on national arrangements, the legal system, and current and 
future national considerations. The International Nuclear Safety Group 
(INSAG) has promoted a global safety regimen based on the IAEA Safety 
Standards and safety related Conventions (INSAG, 2007).

The fundamental objective with regard to nuclear safety is to protect 
people and the environment from the harmful effects of ionizing radiation. 
A comprehensive safety framework needs to be developed by the State, 
taking into account the Fundamental Safety Principles of the International 
Atomic Energy Agency (IAEA, 2006a) which represent the international 
consensus. Laws, ordinances and decrees are promulgated taking into con-
sideration national policies, the current social and economic situation in 
the State and other specifi c circumstances that can infl uence the develop-
ment of nuclear power. Normally, it is recommended to review and revise 
existing provisions to follow as close as possible the Fundamental Safety 
Principles.

4.2 Basic characteristics of regulatory organizations

There are several basic characteristics of regulatory organizations refl ecting 
the nature of their regulatory activities. The two most relevant characteris-
tics, which also distinguish their regulatory functions, are:

• regulatory independence
• interfaces with other regulators and coordination.

4.2.1 Regulatory independence

The fundamental element of a regulatory organization is the establishment 
of effective regulatory independence. The reason for this independence is 
to ensure that independent regulatory decisions can be made and regula-
tory enforcement actions taken without pressure from outside interests that 
may confl ict with safety. The independence to take regulatory decisions 
affords credibility to the regulatory body in the view of the general public; 
the regulatory body must be seen to be independent of the organization 
that it regulates as well as independent of governmental organizations and 
industry groups that promote nuclear technologies.
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The importance of regulatory independence is affi rmed in the Convention 
on Nuclear Safety. Article 8.2 of the Convention requires: ‘.  .  .  an effective 
separation between the functions of the regulatory body and those of any 
other body or organization concerned with the promotion or utilization of 
nuclear energy’ (IAEA, 1994). However, this condition is necessary but not 
suffi cient to obtain effective independence to regulate safety. There are 
internationally recognized elements that need to be considered, i.e. political, 
legislative, fi nancial, competence, public information and international col-
laboration elements; these will be discussed in more detail below. A regula-
tory body cannot be absolutely independent of other parts of government: 
it must function within a national system of laws and budgets, just as other 
governmental bodies and private organizations must do. Nevertheless, for 
the regulatory body to have credibility and effectiveness, it should have 
effective independence in order to be able to make the necessary decisions 
in respect of protection of workers, the public and the environment. INSAG 
has addressed the importance of independence in regulatory decisions 
(INSAG, 2003).

1. Political elements. The political system needs to provide clear and 
effective separation of responsibilities and duties of the regulatory body 
and those of organizations promoting or developing nuclear technologies. 
The regulatory body should not be subject to political infl uence or pressure 
in taking decisions relating to safety. The regulatory body should, however, 
be accountable in respect of fulfi lling its mission to protect people and the 
environment from undue radiation hazards. One way of ensuring this 
accountability is to establish a direct reporting line from the regulatory 
body to the highest levels of government. Where a regulatory body is part 
of an agency or organization that has responsibility for exploiting or pro-
moting the development of nuclear technologies, there should be channels 
of reporting to a higher authority that has safety as one of its primary mis-
sions and to which the regulatory body is clearly accountable when resolv-
ing confl icts of interest that may arise. This accountability should not 
compromise the independence of the regulatory body in making specifi c 
decisions relating to safety with neutrality and objectivity.

2. Legislative elements. The functions and independence of the regulatory 
body with respect to safety should be defi ned in the legislative framework 
of the national regulatory system (i.e. in the laws or decrees relating to 
nuclear energy). The regulatory body should have the authority to adopt or 
to develop regulations relating to safety that give effect to laws enacted by 
the legislature. The regulatory body should also have the authority to take 
decisions, including decisions on enforcement actions. There should be a 
formal mechanism for appeal against regulatory decisions, with predefi ned 
conditions that must be met for an appeal to be considered.
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3. Financial elements. The regulatory body needs adequate fi nancial 
resources to discharge its assigned responsibilities. While it is recognized 
that the regulatory body is in principle subject to the same fi nancial controls 
as the rest of government, the budget of the regulatory body should not be 
subject to review and approval by government agencies responsible for 
exploiting or promoting the development of nuclear technologies.

4. Competence elements. The regulatory body needs independent techni-
cal expertise in the areas relevant to its responsibilities for safety. The 
management of the regulatory body should therefore have the responsibil-
ity and authority to recruit staff with the skills and technical expertise it 
considers necessary to carry out the regulatory body’s functions. In addition, 
the regulatory body should maintain an awareness of developments in 
safety-related technology. In order to assist it in its decision making on 
regulatory matters, the regulatory body should have access to external 
technical expertise and advice that is independent of any funding or support 
from operators or from the nuclear industry; to obtain this advice the regu-
latory body should have the authority to set up and fund independent 
advisory bodies to provide expert opinion and advice and to award con-
tracts for research and development projects. In particular, an IAEA general 
safety guide (IAEA, 2002), suggests that the regulatory body should be able 
‘to obtain such documents and opinions from private or public organiza-
tions or persons as may be necessary and appropriate’.

5. Public information elements. One of the responsibilities of the regula-
tory body should be to inform the public. An IAEA general safety require-
ment (IAEA, 2010a) establishes that ‘The regulatory body shall have the 
authority to communicate independently its regulatory requirements, deci-
sions and opinions and their basis to the public.’ The public will only have 
confi dence in the safe use of nuclear technologies if regulatory processes 
are conducted and decisions are made openly. The governmental authorities 
should set up a system to allow independent experts and experts represent-
ing major stakeholders (for example, the nuclear industry, the workforce 
and the public) to provide their views on safety and related issues. The 
experts’ fi ndings should be made public.

6. International collaboration. The regulatory body needs the authority 
to liaise with the regulatory bodies of other countries and with international 
organizations to promote cooperation and the exchange of regulatory 
information.

4.2.2 Interfaces with other regulators and coordination

Regulatory activities are always interconnected and are also shared with 
different authorities or governmental organizations due to the complexity 
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and the thematic areas involved in the regulatory process. The licensing 
activities of a nuclear power plant represent a clear example of the neces-
sity to arrange several different activities to authorize every stage during 
the lifetime of a nuclear power plant. The clear identifi cation of interfaces 
and the coordination of different authorities with responsibilities for safety 
within the regulatory framework need to be carried out from the very 
start of the licensing process. Once identifi ed, and in order to avoid any 
omissions, undue duplication or confl icting requirements, it is necessary 
to make provisions for effective coordination. The extent of the coordina-
tion required among the numerous authorities and governmental organi-
zations depends on the scope assigned to the nuclear regulator by the 
government. There are several mechanisms by which this coordination 
can be achieved, for example national agreements and memoranda of 
understandings. Clear responsibilities need to be established from the 
beginning and unavoidable overlaps have to be considered carefully and 
on a case-by-case basis.

One important aspect is that all collaboration mechanisms need to take 
into consideration the most appropriate form of communication among the 
authorities and governmental organizations involved and regular meetings 
should be held. Communication becomes crucial during the licensing 
process, in particular for a new nuclear power plant. Transparent and clear 
procedures need to be presented to the applicant or licensee to avoid any 
misunderstanding or confusion. The scope of this coordination process may 
vary signifi cantly according to national arrangements. Key areas that need 
to be considered include:

• Safety of workers and the public
• Protection of the environment
• Applications of radiation in medicine, industry and research
• Emergency preparedness and response
• Management of radioactive waste (including government policy making 

and the strategy for the implementation of policy)
• Liability for nuclear damage (including international conventions and 

regulatory control)
• Nuclear security
• The state system of accounting for and control of nuclear material
• Safety in relation to water use and the consumption of food
• Land use, planning and construction
• Safety in the transport of dangerous goods, including nuclear material 

and radioactive material
• Mining and processing of radioactive ores
• Controls on the import and export of nuclear material and radioactive 

material.
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4.3 Creation, authority, responsibilities and 

competence of the regulatory body

4.3.1 Establishing the regulatory body

The regulatory body is created and maintained by the State which provides 
it with the effective independence, legal authority, competence and resources 
necessary to fulfi l its obligations with regard to the regulatory control of 
nuclear power plants. The State guarantees that the regulator will work 
solely on safety; i.e. no other responsibility is assigned to the regulator that 
might create a confl ict of interest, or otherwise jeopardize its ability to 
perform the regulatory control function.

Before deciding to embark on a nuclear power programme, the State may 
already have a regulatory body regulating radioactive sources (industrial 
and medical sources) and/or smaller nuclear installations such as research 
facilities or reactors. In establishing the regulatory body for nuclear power 
plants, an informed decision should be made either to expand the existing 
regulatory body or to create a new regulatory body.

The regulatory body needs the legal authority to undertake the 
following:

• To develop safety principles and criteria, and to establish regulations 
and issue guidance that take into account the state of the art concerning 
safety and, in particular, international safety standards.

• To require the licensee to conduct a safety assessment, systematically or 
periodically during the nuclear power plant lifetime and provide all 
necessary safety-related information, including information from the 
licencee’s suppliers, even if this information is proprietary.

• To issue, suspend or revoke licences and establish licensing conditions 
and enforcing requirements based on compliance with the regulatory 
body’s function of verifying safety during the lifetime of the nuclear 
power plant.

• To arrange access, solely or together with the licensee party or appli-
cant, to carry out inspections on the premises of any designer, supplier, 
manufacturer, constructor, contractor or operating organization associ-
ated with the licensee; this will enable the development of a regulatory 
transparent and open approach which facilitates communication with 
governmental authorities, the public, national and international organi-
zations and regulators and also enables regulatory decisions and infor-
mation on incidents and abnormal occurrences to be disseminated 
clearly.

The responsibility of the regulatory body is to protect people, society, the 
environment and future generations from the harmful effects of radiation. 
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Its role is to oversee the nuclear power programme to ensure that nuclear 
energy is safe to use. The prime responsibility for safety will be assigned to 
the operator. The operator is responsible for ensuring safety in the siting, 
design, construction, commissioning, operation, decommissioning, close-out 
or closure of its facilities, including, as appropriate, rehabilitation of con-
taminated areas; the operator is also responsible for the safety of activities 
in which radioactive materials are used, transported or handled.

Compliance with the requirements imposed by the regulatory body does 
not relieve the operator of its prime responsibility for safety. The operator 
needs to demonstrate to the satisfaction of the regulatory body that this 
responsibility has been and will continue to be discharged as established in 
the IAEA general safety requirements (IAEA, 2010a).

4.3.2 The regulatory body’s role in ensuring competence

An essential element of the national policy and strategy for safety is to 
ensure the necessary professional training to maintain the competence of 
suffi cient suitably qualifi ed and experienced staff.

The building of competence is required for all parties with responsibili-
ties for safety, including licensees, the regulatory body and organizations 
providing services or expert advice on matters relating to safety. Competence 
is necessary in the context of the regulatory framework for safety, and can 
be achieved by such means as technical training, learning through academic 
institutions and other learning centres, and research and development 
work.

The State should make adequate arrangements for the regulatory body 
and its support organizations to build and maintain expertise in the disci-
plines necessary for discharging the regulatory body’s responsibilities in 
relation to safety. In cases where the training programmes available in the 
State are insuffi cient, arrangements for training should be made with other 
States or with international organizations. The development of the neces-
sary competences for the regulatory control of nuclear power plants is 
facilitated by the establishment of, or participation in, centres where 
research and development work and practical applications are carried out 
in key areas for safety.

The regulatory body has to have appropriately qualifi ed and competent 
staff. A human resources plan should be developed that states the number 
of staff necessary and the essential knowledge, skills and abilities for them 
to perform all the necessary regulatory functions. The human resources plan 
for the regulatory body covers recruitment, staff rotation and the processes 
to be used to obtain staff with appropriate competence and skills, and also 
includes a strategy to compensate for the departure of qualifi ed staff. To 
develop and maintain the necessary competence and skills it is necessary 
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to establish a process for knowledge management. This process includes the 
development of a specifi c training programme on the basis of an analysis 
of the required competence and skills. The training programme in general 
covers principles, concepts and technological aspects, as well as the proce-
dures followed by the regulatory body for assessing applications for licens-
ing, for inspecting and for enforcing the regulatory requirements in a 
nuclear power plant.

4.3.3 The regulatory body’s role in assuring safety

The regulatory control has to be stable and consistent with a formal process 
based on specifi ed policies, principles and associated criteria; the process 
should follow specifi ed procedures as established in the management 
system. Stability and consistency of regulatory control need to be ensured 
by preventing any subjectivity in the decision making of the individual staff 
members of the regulatory body. The regulatory decisions need to be justi-
fi ed with the proper rationale to be traceable and supported. When carrying 
out its reviews, assessments and inspections, the regulatory body should 
inform the licensee of the objectives, principles and associated criteria for 
safety on which its requirements, judgements and decisions are based 
(IAEA, 2011a).

The regulatory body should always emphasize the continuous improve-
ment of safety as a general objective. Changes in regulatory requirements 
are subject to careful scrutiny to evaluate the possible enhancements in 
safety that could be achieved. Any proposed changes in regulatory require-
ments need to be based on informed judgements and there should also be 
the opportunity for consultation with the licensee.

4.4 Development, functions and management system 

of the regulatory body

4.4.1 Developing the structure of the organization

The regulatory body is structured and organized in order to fulfi l its respon-
sibilities and to perform its functions effectively and effi ciently. There are 
key elements to consider in the organization of the regulatory body.

Primarily the regulatory organization needs to take into account its regu-
latory functions: licensing; review and assessment; inspection; enforcement; 
and the development of regulations and guides. The objective of these regu-
latory functions is the verifi cation and assessment of safety in compliance 
with regulatory requirements.

The national legal arrangements, regulatory infrastructure and policy 
direction given by the State represent one key element of the organization. 
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National legal arrangements and structure have a signifi cant infl uence on 
the regulatory body, including the need to consider the requirements of 
regulatory bodies in other areas of industry (IAEA, 2010a).

The regulatory body will need to decide whether or not to utilize techni-
cal or other expert professional advice or services to assist it in discharging 
its responsibilities; this decision will infl uence the body’s own organizational 
structure. The professional advice or services could be provided by advisory 
bodies, dedicated technical support organizations, consultants, other regula-
tory bodies or national and international agencies. However, the regulatory 
body should ensure that its organization has suffi cient resources with the 
necessary competence to allow it to make effective decisions.

The regulatory body’s organizational structure will also be affected by 
whether its staff are all located in a single central headquarters or whether 
some staff are regionally located. In considering whether to locate staff 
regionally there are a number of factors that need to be taken into account, 
including the type and geographical spread of the nuclear power plants, the 
number of inspectors and the amount of time they need to spend on site to 
fulfi l their duties.

The scope of the regulatory activities in relation to safety, security and 
safeguards may be comprehensive or may be distributed in different regula-
tory organizations; this latter approach may be necessary because of the 
wide range of the activities covered by the regulatory oversight of planning, 
licensing and operation, i.e. construction, manufacturing of components, 
training and qualifi cation, technical specifi cations, maintenance, surveil-
lance testing, management of modifi cations, fi re protection, radiation pro-
tection, emergency preparedness, and the management system of both the 
operating organization and the various suppliers.

As a case in point, licensing activities essential to the development of a 
nuclear facility site may be carried out either by very few or by a larger 
number of governmental authorities, depending on the structure and func-
tions of the regulatory body as established by law. In some States, it is the 
practice for the regulatory body to approve the various suppliers involved, 
following audits and inspections of their management systems. Once the 
regulatory body issues the construction licence, construction starts, includ-
ing the manufacture of important safety (and safety-related) systems and 
components. The construction should proceed in a manner that ensures 
quality and safe operation. In this phase, the operating organizations, and 
the regulatory body as applicable, should monitor continuously the con-
struction of safety-related structures, systems and components, both at the 
site and at manufacturing facilities, to ensure that the construction is in 
accordance with the approved design.

In a regulatory organization, each of its functions may be assigned to an 
organizational unit with its own specialists. However, it is often practical 
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and effi cient to group the specialists in a matrix such that each organiza-
tional unit that is assigned responsibility for a particular function can draw 
on the necessary specialist skills. There is a particular need for interaction 
and integration between assessment and inspection functions.

The nuclear power planning programme needs to consider the number 
and type of nuclear power plants to be regulated in a timeframe. This needs 
to be considered suffi ciently in advance in order to formulate a comprehen-
sive regulatory plan in terms of regulatory resources so that effective regu-
latory oversight can be provided at all times to all nuclear plants.

In general, in the early stages, a new regulatory body should review the 
experience from regulatory bodies and appropriate organizations within 
the State (e.g. national research organization) and from other States (includ-
ing international organizations) and use this to inform its initial organiza-
tional development including the minimum core organization and staffi ng 
needs. The use of an advisory body made up of experienced national and 
international experts should be considered to assist this process.

The regulatory body should regularly review its organization and make 
adjustments as necessary to take account of its operational experience, to 
address regulatory changes, and to address other changes in the regulatory 
environment or processes. Other factors to be considered include staffi ng 
and funding issues and the outcome of both internal and external audits, 
evaluations and peer reviews. Lessons learned from nuclear and non-
nuclear experiences are elements to consider when the organization is 
reviewed.

4.4.2 Regulatory functions

The following list of activities, discussed in more detail in Sections 4.6 to 
4.10, should be considered as the core regulatory functions:

• Development of a regulatory pyramid (Section 4.6)
• Licensing (Section 4.7)
• Verifi cation and oversight during construction and operation (Section 

4.8):
– independent review and assessment
– regulatory inspections

• Enforcement function (Section 4.9)
• Transparency and openness, and the relationship with the operating 

organization and other stakeholders (Section 4.10).

4.4.3 The management system of the regulatory body

The regulatory body has to establish and implement a management system 
that will enable it to achieve its safety goals; all processes within the 
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management system must be open and transparent. The management 
system should also be continuously assessed and improved.

The management system of the regulatory body has three purposes. The 
fi rst purpose is to ensure that the responsibilities assigned to the regulatory 
body are properly discharged. The second purpose is to maintain and 
improve the performance of the regulatory body by means of the planning, 
control and supervision of its safety-related activities. The third purpose is 
to foster and support a safety culture in the regulatory body through the 
development and reinforcement of leadership and good attitudes and 
behaviour in relation to safety on the part of individuals and teams.

The management system maintains the effi ciency and effectiveness of the 
regulatory body in discharging its responsibilities and performing its func-
tions. This includes the promotion of enhancements in safety, and the fulfi l-
ment of its obligations in an appropriate, timely and cost-effective manner 
so as to build confi dence.

The management system also describes, in a coherent manner, the planned 
and systematic actions necessary to provide confi dence that the statutory 
obligations placed on the regulatory body are being fulfi lled. Furthermore, 
regulatory requirements should be considered in conjunction with the more 
general requirements under the management system of the regulatory body, 
and this helps to prevent safety from being compromised.

The regulatory process is a formal process based on specifi ed policies, 
principles and associated criteria and follows specifi ed procedures as estab-
lished in the management system. The process should ensure the stability 
and consistency of regulatory control and should prevent subjectivity in 
decision making by the individual staff members of the regulatory body. 
The regulatory body should be able to justify its decisions if they are chal-
lenged. In connection with its reviews and assessments and its inspections, 
the regulatory body should inform applicants of the objectives, principles 
and associated criteria for safety on which its requirements, judgements and 
decisions are based, as described in the IAEA general safety requirements 
(IAEA, 2006b).

4.5 Development of the regulatory framework 

and approaches

A formal defi nition of a regulatory framework may be considered as a 
system of regulations and the means to enforce them, usually established 
by a government, to regulate an activity. A framework may also be consid-
ered as a skeleton or a work platform that is used as the basis for construct-
ing the regulatory system; the framework considers a set of assumptions, 
concepts, criteria and practices that constitute the means of implementing 
the regulatory functions.
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The legal system, regulations and the regulatory structure and approach 
constitute the regulatory framework. This may vary signifi cantly from one 
State to another in its complexity, arrangements, criteria, culture and prac-
tices. The approaches used in States with large nuclear power programmes 
may differ from those in States with small nuclear power programmes. Also, 
the approaches in States with a nuclear power plant vendor may differ from 
those in States that import nuclear power plants.

The regulatory framework needs to be based on the chosen approach 
and there should also be the scope for development or further adjustment 
as the knowledge, experience and needs of the regulatory body change. The 
regulatory approach is used to provide the basis for the nuclear safety regu-
lations; to provide the regulatory actions and safety decisions; and to estab-
lish the safety rationale that is clearly understood by the regulator, the 
licensee and other stakeholders.

Regardless of the approach chosen, the framework needs to be devel-
oped so that there are enough staff to cover all core competences necessary 
to understand all the relevant safety issues of the nuclear power programme. 
The regulatory approach also has implications for the need for external 
expert support for the regulatory body.

In order to select and plan the regulatory approach, the regulatory body 
considers the various regulatory approaches that are applied for nuclear 
power programmes elsewhere, taking into account the nuclear power plant 
size, the State’s legal and industrial practices and the guidance provided in 
the IAEA Safety Standards.

The regulatory approach has an impact on the licensee and also indirectly 
on the safety of the nuclear facilities. Regardless of the approach selected, 
the regulator needs to provide clear requirements to the licensees, including 
its safety expectations; the regulator needs to be able to identify safety 
signifi cant issues, the areas of expertise needed by the regulator and licen-
sees respectively, the resources used by the regulators and the licensees, and 
the level of fl exibility given to the licensee to fulfi l requirements; the regula-
tor also needs to achieve public credibility for the way in which safety is 
regulated.

The development of the regulatory framework involves maintaining a 
balance between prescriptive approaches and performance-oriented 
approaches. This balance might also depend upon the State’s legal system 
and regulatory approach. The approach chosen will have a major infl uence 
on the resources needed by the regulatory body, therefore the various 
applicable approaches need to be considered in good time, and before start-
ing the recruitment of staff due to the impact of the approach chosen on 
the number and qualifi cations of the regulatory staff required. Before the 
State decides which reactor technology is going to be deployed, the regula-
tory body has to be aware of these two main alternative regulatory 
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approaches: a prescriptive approach with a large number of regulations, or 
a performance-, function- and outcome-oriented approach. Each regulatory 
approach has advantages and disadvantages associated with it, and there 
are also approaches that combine features of these two main alternatives. 
When a decision to construct a nuclear power plant is made, and the par-
ticular reactor technology is chosen, the regulatory body needs to select and 
adopt a regulatory approach that best suits the State’s needs. The regulatory 
body should have its chosen approach approved by the government since 
there will be resource implications.

A prescriptive regulatory approach places a great deal of importance on 
the adequacy of the regulations for safety and requires detailed develop-
ment. The regulations establish clear requirements and expectations for the 
regulatory body as well as for the operating organization, and thus can be 
used to promote systematic interaction between the regulatory body and 
other parties. The regulations could set detailed technical requirements, or 
could identify issues that the operating organization and its suppliers should 
address and present for assessment by the regulatory body. Specifi c techni-
cal requirements can then be taken from relevant international industrial 
standards (including nuclear specifi c standards) or industrial standards of 
other States, as agreed by the regulatory body in an early stage of the licens-
ing process for nuclear power plants. Issuing detailed regulations places a 
high demand on the regulatory body’s resources for their development and 
updating, which adds to the administrative burden.

A performance-based regulatory approach allows the operating organi-
zation more fl exibility in determining how to meet the established safety 
goals and may require fewer, less detailed regulations. However, this 
approach requires the establishment of specifi c safety goals and targets. 
Verifying that appropriate measures to ensure safety have been identifi ed 
by the operating organization may be diffi cult unless the regulatory body’s 
staff, the staff of its external support organization and the staff of the oper-
ating organization all have a high level of professional competence and are 
able to interact to determine whether established safety objectives for each 
topic are met.

Besides the general alternatives just described, the approaches in differ-
ent States vary with respect to the scope and depth of safety assessment 
and inspection. The scope of issues that are under regulatory control may 
include all structures, systems and components classifi ed as safety-relevant 
or may be limited to the most safety-relevant parts only. The targets of 
the comprehensive and systematic regulatory control and inspections are 
specifi ed in a deterministic manner, on the basis of a safety classifi cation, 
or they can be chosen on the basis of a probabilistic assessment of risks. 
As to the depth of the review, in some States the regulatory body puts the 
main emphasis on the assessment and auditing of the management system 
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and the operations of the operating organizations and their suppliers. In 
other States the regulatory body prefers to make comprehensive inde-
pendent analyses and inspections of its own. INSAG has developed the 
nuclear safety infrastructure necessary for a national nuclear power 
programme supported by the IAEA Fundamental Safety Principles 
(INSAG, 2008).

4.6 The regulatory function: development 

of a regulatory pyramid

The regulatory pyramid is the structure that represents the hierarchy of the 
regulatory system (Fig. 4.1). The regulations and guides are based on and 
suit the legal system of the State concerned and establish the principles, 
requirements and associated criteria for safety upon which the regulatory 
judgements, decisions and actions are based. The legislative and govern-
mental mechanisms ensure that such regulations are developed and 
approved in accordance with appropriate time scales.

The regulatory pyramid is composed of laws and decrees, regulations, 
regulatory requirements, safety goals and criteria, safety guides and indus-
trial standards. In the development of the regulatory pyramid it is always 
necessary to take into account the fact that the licensee or operator has the 
prime responsibility for safety during all phases of the nuclear power plant’s 
life: ensuring safety in the siting, design, construction, commissioning, 

Nuclear law

Industrial standards

Safety goals and criteria

Regulatory requirements

Regulations

Safety guides

4.1 The regulatory pyramid.
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operation and decommissioning phases until the operator is released from 
the regulatory control of the plant. Therefore, it is important that the regula-
tor clearly states that compliance with the conditions, regulations or require-
ments imposed by the regulatory body does not relieve the operator of its 
prime responsibility for safety. The licensee needs to demonstrate to the 
satisfaction of the regulatory body that this responsibility has been and will 
continue to be discharged.

4.6.1 Laws and decrees

The regulatory pyramid is established within the legal framework, using 
laws and decrees to establish, adopt, promote or amend regulations and 
guides. All regulations of the regulatory system have to be in compliance 
with the State legal system. In fulfi lling its statutory obligations, the regula-
tory body establishes, promotes or adopts regulations and guides upon 
which its regulatory actions are based.

4.6.2 Regulations

The main purpose of regulations is to establish requirements with which all 
licensees must comply. In order to carry out the regulatory functions it is 
necessary to create a consistent and comprehensive set of regulations with 
adequate coverage commensurate with the associated radiation risks. The 
regulatory body notifi es all interested parties and the public of the princi-
ples and associated criteria for safety established in its regulations and 
guides, and makes the regulations and guides readily available.

The development of regulations involves consultation with all interested 
parties and also takes into account internationally agreed standards, such 
as the IAEA Safety Standards, and the feedback of relevant experience 
from national or international organizations.

In several cases it is necessary to clearly identify by the regulatory body 
the reference and criteria to be used for assessing compliance with the 
regulations. The criteria for compliance need to be understood by the licen-
see from the beginning in order that it can carry out its activities 
correctly.

The production of regulations is included in the regulatory body’s man-
agement system together with the process for establishing, revising and 
revoking regulations and guides. This process is established in accordance 
with the national legal system. The periodic review of regulations is also 
specifi ed; changes need to be discussed with interested parties as appropri-
ate but it must keep in mind that frequent changes in regulations can affect 
the stability or predictability of the regulatory system if the changes are not 
properly justifi ed from a safety perspective.
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4.6.3 Regulatory requirements

The regulations provide a framework for more detailed requirements or 
conditions that will be issued by the regulatory body during its activities. 
Requirements are also incorporated into licences as specifi c conditions or 
requirements as well as into individual authorizations or applications for 
licences within the licensing process. The regulatory body issues require-
ments when necessary to improve safety. Requirements are also necessary 
to improve safety considering the day-to-day regulatory oversight.

4.6.4 Safety goals and criteria

Safety goals are usually included in the regulations in compliance with the 
regulatory approach. In general, they are derived from the safety pillars of 
the IAEA Safety Standards, in particular the Fundamental Safety Principles. 
Safety goals may establish quantitative or qualitative criteria. The safety 
goals for existing reactors may also be applied for new reactors. However, 
it is important to consider further safety improvements that could be made 
at the design stage of new reactors so that safety is continuously enhanced.

There is no international consensus regarding quantitative safety goals 
but the current trend is to have a better balance between the deterministic 
and probabilistic approaches. However, some regional common approaches 
are useful in order to reach a global consensus at least in the qualitative 
way. Improved probabilistic calculations or use of operating experience to 
defi ne risk magnitudes, on the one hand, and improvement in the evaluation 
of the consequences in terms of core damage frequency, individual doses 
or large release magnitudes on the other, provide the necessary relationship 
to establish quantitative goals.

Qualitative goals using a technology-neutral approach (meaning safety 
concepts and criteria independent of the type of reactor technology) can 
be found in the IAEA Safety Standards.

In general there are two approaches to the preparation of regulations: a 
prescriptive approach or a performance-based approach. The degree of 
application of either approach in the national regulations depends on the 
regulatory approach selected when establishing a regulatory framework. 
However, the development of regulations needs a balance between fl exibil-
ity (to permit easy adaptation of the regulation to changes in circumstances 
and/or technology) and the need to include detailed requirements (to facili-
tate determination of whether the requirements have been met).

Performance-based regulations primarily specify the safety goals to be 
achieved rather than prescribe detailed or specifi c requirements. This means 
that the way in which the licensee is to meet the regulations is not specifi ed 
by the regulator. The use of safety goals promotes the continuous safety 
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improvement concept and provides enough fl exibility to the licensee for 
them to determine and apply better approaches to enhance safety. This kind 
of regulation will not need to be changed as frequently to refl ect advances 
in science and technology. The correct interpretation by the licensee of this 
type of regulation is essential; therefore it is necessary to elaborate regula-
tory guides in some cases to provide additional support. The verifi cation of 
compliance with this type of regulation requires a high level of expertise.

With prescriptive regulations, the regulator states how safety is to be 
achieved with clearly defi ned provisions for each safety-related aspect. 
These provisions include the means and methods to be used in order to 
comply with regulatory requirements for achieving an adequate level of 
safety. In some cases it is easier to verify compliance with this type of regu-
lation, but high levels of expertise are necessary for their development.

In summary, a modern regulatory system needs to include both types of 
regulations, to achieve the appropriate balance between performance-based 
and prescriptive regulations that takes into account the workload and the 
skills of the regulatory body’s staff.

4.6.5 Safety guides

Depending on the regulatory system, a guide may or may not be mandatory; 
it may simply demonstrate how a certain requirement can be achieved. In 
some regulatory systems, the licensees can take advantage of the regulatory 
guidance but they may use alternative ways to demonstrate the achieve-
ments of the goals established in the requirements. These guides also 
provide information on data and methods to be used in assessing the ade-
quacy of the design and on analyses and documentation to be submitted to 
the regulatory body by the licensee. Technological advances, research and 
development work, relevant operational lessons learned, and institutional 
knowledge can be valuable and useful when revising the guides. The man-
agement system also refl ects clearly the approach to be used to review and 
revise guides.

4.6.6 Industrial standards and guidelines

The regulatory body also bases its regulations and guides on national leg-
islation and utilizes existing national regulations or industrial standards (e.g. 
ASME Code) in areas relating to or adaptable to nuclear power plants as 
its initial sources of information.

4.6.7 General considerations

On a case-by-case basis, it may be benefi cial to accept the use of technical 
standards of the vendor State or of a State having oversight experience with 
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a reactor of the type selected. It is also useful to learn from the earlier 
independent analysis and safety assessments of this technology performed 
in other States. Furthermore, other regulatory bodies can give insights into 
the levels of quality achieved by key manufacturers and other suppliers, and 
this allows for better focusing of the auditing and evaluation of these orga-
nizations. In adapting safety standards or regulations of other States, the 
regulatory body should make its regulations compatible with its own 
national legal and regulatory framework, include appropriate requirements 
specifi c to national conditions such as special site characteristics and electri-
cal grid conditions, promptly evaluate amendments made to the reference 
regulations or standards, and issue amendments to its own regulations as 
appropriate.

Once the vendor has been chosen through the bid evaluation process, the 
regulatory body should consider cooperation with the regulatory bodies of 
those States in which the same vendor has supplied similar plants, and 
especially of the State of the vendor, if possible. The possible benefi ts of 
information based on the experience of other States are clear and this could 
infl uence the tentatively planned regulatory approach.

A common option chosen in the past for regulation by States into which 
a fi rst nuclear power plant was being imported was to use the regulations 
and standards of the supplier State. This had the advantage that the supplier 
knew in detail which requirements it had to meet, and it was easier for the 
regulatory body because it knew that such a plant was licensed in the sup-
plier State. However, this approach has a signifi cant disadvantage. The regu-
latory system of the importing State should be properly considered in the 
approach of the regulations adopted. If the State subsequently purchases a 
plant from a supplier with a different regulatory approach or a different 
licensing system, or if a major back-fi tting programme is implemented, the 
two systems would have to be reconciled. The regulatory body should have 
a clear understanding of the basis for the regulations so that subsequent 
regulatory actions or changes can be fully and knowledgeably evaluated 
(IAEA, 2011a).

4.7 Development of the licensing process 

and major regulatory activities during 

the licensing process

A licence is a legal document issued by the regulatory body granting 
authorization to perform specifi ed activities related to a nuclear power 
plant to a licensee who has the responsibility for safety. Chapter 20 develops 
nuclear power plant licensing and regulatory body and licensee related 
activities.
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4.7.1 Development of the licensing process

The licensing process involves the granting of authorizations during all 
stages of the lifetime of the nuclear power plant: siting, design, construction, 
commissioning, operation, decommissioning and, fi nally, release of the site 
from regulatory control. This step-wise process needs to be transparent, 
predictable and clear, and should be in accordance with the national legal 
and governmental framework.

The regulator specifi es the regulations, requirements and conditions for 
safety that are necessary during each step of the process. Compliance with 
these regulations, requirements and conditions is demonstrated by the 
licensee to the regulator, who reviews and assesses safety using clearly 
defi ned procedures. Detailed information (format and content) is specifi ed 
in a time frame by the regulator in order to evaluate safety at each stage 
of the licensing process. The information also has to be updated regularly 
by the licensee, as indicated in licence conditions or regulations. The regula-
tory body may also need to repeat or reaffi rm its assessment in order to 
support its decisions. The regulatory body makes decisions on the amend-
ment, renewal, suspension or revocation of a licence based on actions such 
as inspections, reviews and assessments, and feedback from operational 
performance.

There are several types of licences: for specifi c time periods, for specifi c 
stages in the lifetime of the plant or for an unlimited time period. In order 
to grant a licence, it is necessary for a regulatory decision-making process 
to be in place. Political decisions are completely separate from technical 
decisions. These decisions are considered in a logical order, particularly 
when several governmental bodies are involved in the process; in this case, 
a licensing committee is recommended in order to integrate each govern-
mental body into the licensing process in a timely manner. Separate hold 
points are specifi ed for certain steps in the design, manufacturing, construc-
tion and commissioning processes, in order to allow verifi cation of the 
results of work and to assess the preparedness to carry out the subsequent 
activities. The competence of licensee individuals having responsibilities for 
safety is verifi ed by the regulatory body.

The early involvement of the public, in order to get public input regarding 
safety concerns, needs to be considered in good time by the regulator, in 
particular with regard to safety issues that relate to design safety require-
ments and the specifi ed site conditions. Licence conditions are additional 
specifi c obligations for safety that the regulatory body considers it is neces-
sary for the licensee to meet. In general, the conditions are incorporated 
into a general licence, to supplement general requirements or to make them 
more precise. They may include safety-related aspects affecting any stage 
of the plant’s lifecycle: site evaluation, design, construction, commissioning, 
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operation and decommissioning of the nuclear installation and its subse-
quent release from regulatory control. In general the licence conditions 
concern the establishment of technical limits and thresholds, specifying 
procedures and modes of operation, administrative matters, inspection and 
enforcement, and plant response to abnormal circumstances.

The licensing process should be transparent to the public, and a licence 
is published and made available to the public – taking into account security-
sensitive and commercial proprietary information. Public participation in 
the licensing process gives interested parties an opportunity to present their 
views during certain steps of the licensing process.

There are two aspects that the regulatory body considers early in the 
licensing process: (a) approval of sites, and (b) certifi cation of standardized 
plant designs. International cooperation also helps to facilitate the licensing 
process. Initially a pre-licensing stage could be adopted for an early regula-
tory review and approval of the proposed design safety requirements for 
the nuclear power plant as well as the review of the key features of the new 
design, to identify safety issues that would require modifi cations, develop-
ment, or additional analysis to achieve regulatory approval of the design. 
During the pre-licensing process and when a particular plant design is being 
considered, it is necessary to provide regulatory approval of the licensee 
organization and site-specifi c aspects that may have an impact on safety in 
the design stage; issues that need to be adequately addressed in order to 
achieve regulatory approval of the site and organization should be 
identifi ed.

In the combined licensing process an applicant can apply for a single 
licence to construct, commission and operate a nuclear installation and 
allow the plant to begin operation. The combined licence model requires a 
signifi cant amount of regulatory resources and has only a small number of 
hold points, e.g. fuel loading, power increase or other technical issues.

A safety analysis report (SAR) is included in each application for a 
licence for a nuclear power plant. The SAR is intended to describe the 
facility, present the design bases and the limits on plant operation, and 
provide a safety analysis of the plant’s structures, systems and components 
and of the plant as a whole. The licensing process for nuclear installations 
is described in an IAEA specifi c safety guide (IAEA, 2010b).

4.7.2 Major regulatory activities during 
the licensing process

Siting

The siting process for a new nuclear installation is divided into two 
stages: site survey and site evaluation. The government or the regulatory 
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body identifi es the potential sites and candidate sites on the basis of a 
set of defi ned criteria. Siting survey and evaluation is considered in 
Chapter 18.

Site evaluation is the actual selection of the site and aims to confi rm the 
acceptability of the fi nal site selected and to establish the parameters 
needed for the design of the nuclear power plant. The regulatory body 
should establish specifi c safety requirements for site evaluation, including 
requirements for the process of authorizing the site selected. Consequently, 
the regulatory body makes the review and assesses the site evaluation 
report, and makes a regulatory decision regarding the acceptability of the 
site selected and the site-related design bases.

The site evaluation process continues throughout the entire lifetime of 
the nuclear power plant to take into account changes in the site character-
istics, in evaluation methodologies and in safety standards.

Design safety

The regulatory body establishes the nuclear safety principles and issues 
regulations on design; it needs to be able to evaluate the safety of the 
proposed design by reviewing and assessing the safety documentation (e.g. 
design basis, the safety analysis reports) and verifying the compliance of 
the design with regulatory requirements. The design basis is the range of 
conditions and events explicitly taken into account in the design of the 
nuclear installation, according to established criteria, such that the nuclear 
installation, through the planned operation of safety systems, can operate 
under these conditions and events without exceeding authorized limits. 
The design should be reviewed by the regulatory body considering the 
design basis accidents and design extended conditions. The design basis 
accidents (DBAs) are defi ned when key safety plant parameters do not 
exceed specifi ed limits, with no or only minor radiological impacts, both 
on and off the site, and do not necessitate any off-site intervention mea-
sures, and DBAs shall be analysed in a conservative manner. The design 
extended conditions (DECs) consider that the plant can be brought into 
a controlled state, the integrity of the containment is maintained (the con-
tainment shall cope with core melt situation) and signifi cant releases are 
practically eliminated. DECs may be analysed using a best-estimate 
approach. For those conditions that are not practically eliminated, design 
provisions shall be made such that only protective measures that are of 
limited scope in terms of area and time are necessary for the protection 
of the public, and suffi cient time is available to implement these 
measures.

The IAEA established safety design requirements in 2000 (IAEA, 2000). 
The analysis of the operating experience and the comments by Member 
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States have recommended to revise the document. The revision has already 
been approved by the IAEA Committee of Safety Standards (CSS) but not 
yet published (IAEA, 2011b). Although the structure of the revised version 
is similar, it introduces some new concepts such as Design Extension 
Conditions, aimed at considering extreme circumstances.

Construction

Before construction, the main design features are assessed and approved. 
At this point the potential regulatory uncertainties need to be clarifi ed. The 
regulatory body needs detailed construction plans, clear schedules, outlines 
of responsibilities of parties and information on resources required and how 
the licensee is to assess its own work. It is also necessary to review the way 
in which the licensee will promote a safety culture to its subcontractors. 
Signifi cant regulatory effort is necessary during inspections to verify that 
new manufacturing techniques and new types of equipment meet the speci-
fi cations set by the designer. The regulatory body has to review, assess and 
inspect, on a systematic basis, the development of the design of the instal-
lation as demonstrated in the safety documentation, in accordance with an 
agreed programme.

During construction, the regulatory body assesses and verifi es the follow-
ing: the management system of the applicant or licensee and the vendors 
and its subcontractors; the documentation relating to demonstration of 
compliance of the selected design with safety objectives and criteria, includ-
ing validated results from experiments and research programmes; and the 
organizational and fi nancial arrangements for decommissioning and for 
management of radioactive waste and spent fuel.

Commissioning

The regulatory body should conduct reviews, assessments and inspections 
to evaluate the commissioning test programme and the operational limits; 
test acceptance criteria, conditions and procedures; as-built design of the 
nuclear installation; non-nuclear commissioning tests; the management 
system; and the programme for operation. Commissioning activities are 
considered in detail in Chapter 22.

The results of commissioning tests should address adequately the ability 
of the self-assessment procedures and internal audits of the licensee to deal 
with deviations from design parameters. The reviews, assessments and 
inspections of the regulatory body assess whether the commissioning test 
results are adequate to confi rm the adequacy of all safety-related features 
of the nuclear installation.
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Operation

Operation is authorized only when regulatory requirements are met and 
the fi nal safety analysis report has been approved, including completion of 
commissioning tests, recording of the results and their submission to the 
regulatory body for approval. Before operation, the regulator inspects, 
reviews and assesses the following: the results of commissioning tests; oper-
ational limits and conditions; operating instructions and procedures; and 
adequacy of staffi ng to implement these properly. Operation is considered 
in detail in Chapter 23.

Before and during operation the regulator has to verify the safety expec-
tations, the management system, the operators’ competence and the appli-
cation of the operating experience. Any design or operational changes 
require signifi cant regulatory attention.

Safety reviews should be performed on a periodic basis as requested by 
the regulatory body to determine the effects of ageing and to assess any 
plant modifi cations necessary to maintain safety. In general, a periodic 
safety review is carried out to assess the cumulative effects of plant ageing 
and plant modifi cations, operating experience, technical developments and 
siting aspects. The reviews include an assessment of plant design and opera-
tion against current safety standards and practices, and have the objective 
of ensuring a high level of safety throughout the plant’s operating lifetime. 
They are complementary to the routine and special safety reviews and do 
not replace them.

Decommissioning

The regulatory body verifi es compliance with the regulatory requirements 
of the waste management programme, spent fuel management procedures 
and the decommissioning programme. The regulatory body reviews, 
assesses, and approves, if appropriate, the fi nal decommissioning plan 
and its supporting safety assessment, the management of waste and the 
updating of all existing safety-related documents prior to commencement 
of dismantling activities. Decommissioning is considered in detail in 
Chapter 24.

Release from regulatory control

The release of a nuclear power plant or a site from regulatory control 
requires, among other things, completion of decontamination and disman-
tling and removal of radioactive material, radioactive waste and contami-
nated components and structures. The regulatory body provides guidance 
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on the radiological criteria for the removal of regulatory controls over the 
decommissioned nuclear installation and the site.

4.8 The compliance function: verifi cation and 

oversight during construction and operation

The regulatory body oversees the compliance with regulations, regulatory 
requirements and the conditions specifi ed in the licence through review and 
assessment and regulatory inspection. This review and assessment of infor-
mation is performed prior to granting a licence and during the lifetime of 
the nuclear power plant. There are several types of review: pre-licensing 
review, review of the design or of operational changes at the plant, review 
of the application of the operational experience, review of the ageing of the 
plant, and review of licence extension or long-term operation beyond the 
licensing basis.

The independent review and assessment and the regulatory inspections 
are not separate and distinct processes. The safety verifi cation and oversight 
is an integrated and interactive process that involves both the independent 
review and assessment processes and the regulatory inspections; from the 
results of both of these activities, conclusions can be drawn and therefore 
regulatory decisions taken. Coordination between review and assessment 
activities and inspection activities is a key element to ensure a systematic 
approach.

The results and decisions from the oversight are necessary to take appro-
priate regulatory actions for safety, including enforcement action when 
necessary. The results of reviews and assessments should be provided as 
feedback information for the regulatory process.

The review and assessment activities and inspection activities are the 
major functions carried out by the regulatory body. Therefore it is necessary 
to consider the human and fi nancial resources and regulatory competences 
required to perform these activities.

A crucial aspect is to provide the licensee with a comprehensive under-
standing of national safety requirements, or references to international or 
other countries’ requirements clearly specifi ed as part of the licensing and 
regulatory framework in the early stages of the project. Vendor, licensee 
and regulator need to have a clear understanding of the licensing, regula-
tory, and inspection practices in the State where the plant is designed and 
in the State where the plant will be constructed.

4.8.1 Independent review and assessment

The review of the compliance with safety principles, goals and criteria, using 
the information provided by the licensee, is a critical task. This information 
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needs to be accurate and should be suffi cient to demonstrate the safety of 
the nuclear power plant considering, among other factors, the site interac-
tion with the plant, the operational limits, test acceptance criteria for com-
missioning, all safety-related features of the design, safety of the operational 
modes and plant states, and decommissioning aspects.

All plant states (normal operation, anticipated operational occurrences 
and accident conditions) have to comply with the regulations and safety 
criteria. Therefore it is essential that the regulatory body defi nes and makes 
available to the operator the regulations and criteria and the basis for com-
pliance that are to be applied during reviews and on which its judgements 
and decisions are based.

The regulatory programme for review and assessment includes all stages 
of the development of the nuclear power plant – from initial selection of 
the site, through design, construction, commissioning and operation, and 
including decommissioning until the plant is released from regulatory 
control. The review also covers deterministic and probabilistic safety analy-
sis as needed to verify safety. A set of conservative deterministic rules and 
requirements for the design and operation of the plant or for the planning 
and conduct of activities is prepared for anticipated operational occur-
rences and postulated accident conditions. The probabilistic safety analysis 
determines all safety-signifi cant contributors and evaluates the safety 
balance of the plant. One of the outputs is to verify the probabilistic safety 
criteria, if they have been defi ned. Probabilistic approaches provide insights 
into the reliability of the plant systems, interactions and weaknesses in the 
design, the application of defence in depth, and risks that it may not be 
possible to derive from a deterministic analysis.

The regulatory body specifi es the time frame for submission of all neces-
sary documentation, indicating the period of time that is considered neces-
sary for the review and assessment process; this facilitates the process and 
minimizes delays in granting the license or any other authorization. Usually, 
the licensee needs to carry out additional work to complete the information 
for demonstration of safety. In such cases it is very benefi cial to monitor 
the progress of documents by the operator and the progress of the review 
and assessment process taking into account a tentative schedule agreed by 
the operator and the regulatory body.

The safety analysis performed by the licensee and the results of regula-
tory review and assessment are major relevant inputs to defi ne the regula-
tory inspection programme.

In the pre-licensing stage, it is necessary to arrange an early regulatory 
review and approval of the proposed design safety requirements, for the 
plant selected and the review of the key features of the design to identify 
safety issues that would require modifi cations, development, or additional 
analysis in order to achieve an initial regulatory approval.
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4.8.2 Regulatory inspections

The regulatory inspections are performed to verify compliance with the 
regulatory requirements and with the conditions specifi ed in the licence 
during all stages of the licensing process: siting, design, construction, com-
missioning, operation and decommissioning until release from regulatory 
control. These independent inspections will not relieve the licensee of its 
responsibility for safety.

The main purposes of regulatory inspection are to ensure that: (a) the 
operator is managing safety to meet, as a minimum, the safety goals, criteria 
and regulations established by the regulatory body; (b) the structures, 
systems and components in the plant meet all necessary requirements; (c) 
safety-related documents and instructions are valid and applied; (d) the key 
licensee staff have the proper competence on safety; and (e) any corrective 
actions resulting from operational experience are properly applied.

In order to perform the above-mentioned activities, the regulatory body 
will prepare a systematic inspection programme. In terms of scope and 
resources, this programme is planned in line with the type of regulations 
(prescriptive, performance-oriented or both) consistent with the regulatory 
approach and the way in which the regulatory body needs to verify compli-
ance with ensuring safety at all times. In addition, the inspection efforts – 
scope, frequency and number of inspectors involved – have to be graded in 
accordance with the criticality of the different safety aspects of the plant.

It is crucial that the regulator and the licensee have a clear understanding 
of the inspection programme prepared for all stages of the licensing process 
including areas to be subject to inspection, inspection methods, selection of 
inspection samples and the technical information needed. Hold points need 
to be discussed with the licensee from the beginning to provide them with 
a clear understanding of the regulatory considerations that need to be taken 
into account.

Routine inspections may be carried out by resident inspectors or by 
dedicated inspectors from the regulatory headquarters, depending on the 
size of the nuclear programme and the geographical distribution of nuclear 
power plants within the State. Other inspection types, such as unannounced 
inspections and specifi c inspections (covering thematic areas or particular 
safety aspects), need to be part of the inspection programme.

The regulatory inspectors at the plant should have free access to the plant 
at any time; this is a precondition to performing the inspections properly, 
and these inspections are the major regulatory function to verify safety 
compliance.

A comprehensive inspection programme includes the regulatory inspec-
tion of the vendors, key contractors and other service providers to verify 
safety compliance, in particular with their quality management system – 
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including safety culture – and their liaison with the licensee. In addition, it 
may include participation in regular management meetings (for construc-
tion or operation) at the plant site and also verifying the roles and respon-
sibilities of the licensee.

For new plants, it is also relevant that in establishing or modifying the 
content and schedule of an inspection programme, the regulatory body 
considers the results of previous inspections and the inspection experience 
of similar plant in another States.

In view of the signifi cance of the safety issue, the communication of 
information, fi ndings, recommendations and conclusions from regulatory 
inspections is planned at several levels; i.e. information needs to be com-
municated to the regulatory body and to other governmental bodies or 
interested parties.

4.9 The enforcement function

The regulatory body establishes and implements an enforcement policy 
within the legal framework for responding to a licensee’s non-compliance 
with regulatory requirements or with conditions specifi ed in the licence. In 
the event that risks are identifi ed, including risks unforeseen in the autho-
rization process, the regulatory body requires corrective actions to be taken 
by the licensee.

The implementation of the enforcement actions considers the appropri-
ate levels within the organizational structure; the inspector also has the 
authority to carry out enforcement actions during inspections if there is an 
imminent likelihood of safety-signifi cant events or when there is evidence 
of deterioration in the level of safety.

The range of enforcement actions starts with issuing of verbal or written 
notifi cation (warnings or directives or orders); the next level is the modifi ca-
tion, suspension, or revocation of a licence until the imposition of fi nes 
commensurate with the seriousness of the non-compliance. The range of 
actions that might be applied needs to be clearly understood by the regula-
tor and the operator. However, for minor safety concerns, issues of non-
compliance may be solved with a discussion between the regulator and the 
operator, establishing a period of time to solve the concerns and indicating 
the regulatory criteria involved. Clear administrative procedures and guide-
lines governing the use and implementation of enforcement actions are 
necessary.

Oral or written warnings

The enforcement action may involve warnings or directives or orders; these 
apply in general for deviations from or violations of regulatory require-
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ments, or unsatisfactory safety conditions. In each case, the regulator 
explains the basis for each violation, deviation or unsatisfactory situation 
and specifi es a period of time for taking corrective action. The regulator 
can also include technical measures such as reductions in power, pressure, 
temperature or other parameters, including, if necessary, temporary shut-
down of the facility or administrative compensatory measures.

Modifi cation, suspension or revocation of the authorization

In the event of repetition or serious non-compliance or safety consequences, 
the regulatory body modifi es, suspends or revokes the licence, depending 
on the nature and severity of the conditions at the plant.

Fines

Fines are applied in general at the corporate level, and are imposed or 
recommended by the regulatory body. The administering of fi nes to indi-
viduals by the regulatory system is strongly discouraged in general, but may 
also occur. Fines on the organization rather than on individuals are 
preferable.

4.10 Regulatory transparency and openness, and the 

relationship with the operating organization and 

other stakeholders

Transparency and openness represent the most important elements for 
earning public trust and building confi dence in the nuclear regulatory 
system. A decision to launch a nuclear power programme requires a broad 
acceptance by all nuclear stakeholders that such a programme is justifi ed 
through a clear decision-making process. Public opinions and comments 
need to be considered as an input to any process that is intended to lead 
to a decision on launching a nuclear power programme. INSAG has con-
sidered stakeholder information and participation (INSAG, 2006).

In order to balance the need for information to be disseminated with the 
need to protect certain sensitive and classifi ed information, the policy and 
criteria for protection of such information are established and clearly com-
municated to all stakeholders.

In the licensing process of a nuclear power plant it is highly benefi cial for 
the consistency of the process to secure public involvement as early as pos-
sible, in order to obtain input from the public at the stage where all safety 
concerns can be adequately addressed and taken into account in the review 
process.
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The regulatory body needs to establish and maintain effective communi-
cation mechanisms for informing stakeholders, interested parties, govern-
mental authorities and the public regarding possible radiation risks 
associated with facilities and activities, safety regulatory judgements and 
decisions and their basis, how the nuclear regulator is performing the func-
tions necessary to assure safety, and information on nuclear accidents, inci-
dents and abnormal occurrences. These communication mechanisms should 
also provide easy access to information on safety and should create oppor-
tunities for all stakeholders to express their opinions. These communication 
mechanisms should also consider the make-up of audiences and their dif-
ferent concerns, levels of knowledge and experience. It is necessary to 
clarify the role of the licensee from the beginning of the nuclear pro-
gramme; i.e. that the licensee has as an obligation to inform the public about 
the possible radiation risks associated with the plant and this obligation 
needs to be specifi ed in the regulations promulgated by the regulatory body 
or in the licence. In order to build a successful communication programme 
it is essential to consider communication in the regulatory budget planning 
and to involve dedicated personnel with technical expertise and a talent for 
this discipline.

The objective and functions of the regulatory body, its independence, its 
technical competence, the available human resources and its neutrality have 
to be disseminated and proactively communicated to all stakeholders, in 
particular to the public and interested parties.

While maintaining its independence, the regulatory body liaises with the 
licensee to achieve their common objectives and to discuss safety-related 
issues. Mutual understanding and respect achieved through frank, open 
relationships will provide constructive liaison on safety-related issues.

The international participation of the regulatory body – through legally 
binding and non-binding international instruments (e.g. Convention on 
Nuclear Safety), workshops, seminars and other meetings and effective 
bilateral agreements among regulators to share regulatory experiences on 
safety – contributes to increasing the credibility of the regulator. Participation 
and involvement in international peer reviews designed for regulators will 
also strengthen the regulatory effectiveness worldwide.

4.11 Regulatory support and research

Support for the regulatory body is available in the form of technical or other 
expert professional advice or services as necessary to assist the body in its 
regulatory functions; however, this does not relieve the regulatory body of 
its assigned responsibilities, and independent decision making still has to 
be undertaken by the regulatory body. In making decisions, the regulatory 
body needs to consider the necessary means to assess advice provided by 
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advisory bodies and the information submitted by the licensee. The rela-
tionship between regulatory body competence and the extent of the techni-
cal support is a delicate balance that needs to be considered from the initial 
stages of the establishment of a regulatory body.

There are several approaches to receiving technical or non-technical 
support. For example, independent advisory bodies may provide advice on 
a temporary or a permanent basis, or independent expert opinions can be 
sought from consultants with experience in the specifi c fi eld. In general the 
advisory bodies advise and confi rm whether the regulatory body has prop-
erly addressed relevant safety issues in licensing reviews. For specifi c areas 
where expertise is not available within the regulatory body, a specifi c con-
tract or services from research centres or academic institutions may be used 
to provide analysis of technical details and background. Finally, another 
approach is the establishment of a dedicated support organization working 
on a daily basis with the regulatory body.

The composition of advisory bodies may be derived from other govern-
ment departments, regulatory bodies of other States, scientifi c organiza-
tions, technical experts, non-government organizations and the regulated 
industry. Some advisory bodies can bring broad perspectives and advice to 
bear on the formulation of clear, practical and balanced regulatory policy 
and regulations. Other more technical bodies composed of members with 
a range of technical skills can be established to evaluate and advise on 
complex technical issues.

In general, the work carried out by technical support organizations 
involves conducting independent confi rmatory analyses or research, techni-
cal assistance on the resolution of specifi c regulatory issues, and the devel-
opment of technical bases for safety policy and regulations. In order to 
develop these activities, the size, scope and responsibilities of the external 
support organizations need to be clearly specifi ed.

In order to avoid any confl ict of interest, as a minimum, the support 
provided to the regulatory body should not be provided to the licensee in 
the same subject area and vice versa. If this is not possible domestically, 
then the necessary advice or assistance may be obtained from organiza-
tions in other States or from international organizations that have no 
such confl icts of interest. However, in cases where a gap in expertise in a 
signifi cant safety area is identifi ed within the State, the regulatory body 
needs to take the appropriate steps to build the necessary competence to 
fi ll this gap, using other governmental organizations if applicable (IAEA, 
2010a).

The regulatory body may need other external technical services such as 
personal radiation dosimetry and environmental radiation monitoring, in-
service testing and inspection, maintenance of special technical equipment, 
and metrological activities.
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Regulatory research may serve to enhance the development of knowl-
edge, competence and ownership in nuclear science and technology. 
Regulatory bodies use research, when necessary, for independent analysis 
and in order to formulate conclusions that enable regulatory decisions to 
be taken. Relevant areas of research include reactor physics, thermal 
hydraulics, materials sciences, strength analysis and probabilistic safety 
assessment. National research activities need to be considered and initiated 
as early as possible when considering launching a nuclear power pro-
gramme; these programmes may be initiated within the existing institutions 
or within newly created institutions. For regulatory purposes, the national 
research programme should be focused on areas that are vital for safety.

4.12 Sources of further information and advice

The IAEA has the statutory function of establishing or adopting standards 
of safety and security for the protection of health, life and property against 
the harmful effects of ionizing radiation in the development of peaceful 
uses of nuclear energy and radiation. To that end the IAEA is developing 
a complete and satisfactory body of safety principles, requirements and 
safety guides in collaboration with experts from the Member States and 
under the supervision of international advisory bodies. The body of safety 
standards comprises general and specifi c documents. INSAG has also 
created a series of relevant safety documents which can be reached through 
the IAEA website. The IAEA has also created an International Law Series 
which also includes Conventions, as listed below:

• The Physical Protection of Nuclear Material and Nuclear Facilities, 
INFCIRC/225/Rev. 4 (Corrected), IAEA, Vienna (1999); Guidance and 
Considerations for the Implementation of INFCIRC/225/Rev. 4, The 
Physical Protection of Nuclear Material and Nuclear Facilities, IAEA-
TECDOC-967 Rev. 1, IAEA, Vienna (2000); and Amendment to the 
Convention on the Physical Protection of Nuclear Material, IAEA 
International Law Series No. 2, IAEA, Vienna (2006). (The fi nal act of 
the new Convention on the Physical Protection of Nuclear Material and 
Nuclear Facilities was approved on 8 July 2005. See http://www.iaea.org/
NewsCenter/Features/PhysicalProtection/index.html)

• Convention on Early Notifi cation of a Nuclear Accident, INFCIRC/335, 
IAEA, Vienna (1986); and Convention on Early Notifi cation of a Nuclear 
Accident and Convention on Assistance in the Case of a Nuclear Accident 
or Radiological Emergency, Legal Series No. 14, IAEA, Vienna (1987).

• Convention on Assistance in the Case of a Nuclear Accident or 
Radiological Emergency, INFCIRC/336, IAEA, Vienna (1986); and 
Convention on Early Notifi cation of a Nuclear Accident and Convention 
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on Assistance in the Case of a Nuclear Accident or Radiological 
Emergency, Legal Series No. 14, IAEA, Vienna (1987).

• Convention on Nuclear Safety, INFCIRC/449, IAEA, Vienna (1994).
• Joint Convention on the Safety of Spent Fuel Management and on the 

Safety of Radioactive Waste Management, INFCIRC/546, IAEA, Vienna 
(1997).
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5
Responsibilities of the nuclear operator 

in nuclear power programmes

J. MOARES, Independent Consultant, UK

Abstract: The role of the operating organisation commences with the 
strategic and economic decision by the sponsoring organisation to 
construct a nuclear power plant. All phases of the lifecycle of a nuclear 
power plant are subjected to controls and regulations designed to 
protect the public and the workforce from any risks associated with their 
operation. The role of the operating organisation covers design appraisal, 
site appraisal and infrastructure development, the design, development 
and maintenance of the of the operating organisation, construction, 
commissioning, operations and maintenance and decommissioning. The 
operating lifetime will last many decades and throughout that time the 
organisation will need to adapt to the changing roles, and be refreshed 
to cater for the effects of aging in the workforce. This chapter seeks to 
characterise the roles at each of the phases of the life cycle and share 
insights into the ways in which they can be enacted.

Key words: nuclear power plant, operators, safe operation, safety 
responsibilities.

5.1 Introduction

Nuclear power plants (NPPs) exist in order to satisfy a public need for the 
safe, reliable and economic supply of electricity. NPPs must be designed, 
manufactured and constructed to standards that ensure that the risks associ-
ated with their operation are mitigated and the benefi ts to society are 
achieved. Governments and regulators are responsible for specifying design 
standards that will satisfy the safety requirements and for approving and 
licensing designs submitted for construction.

Regulators specify the conditions under which the plants must be oper-
ated and maintained in order to ensure compliance with the design require-
ments, and to safeguard the workers, the public and the environment from 
NPP-derived hazards. The conditions are detailed in site-specifi c nuclear 
site licences and authorisations.

The operating organisation is responsible for the safe and economic 
operation of the plant and for ensuring that all activities are conducted in 
compliance with the nuclear site licence conditions. In order to satisfy those 
requirements, the operating organisation must ensure it has the resources 
and competencies to fulfi l the conditions of the site licence throughout the 
lifecycle of the plant.
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This chapter will defi ne the responsibilities of the operating organisation 
and the means of enacting them.

5.2 The responsibilities of the nuclear operator

5.2.1 Responsibility for safety

The prime responsibility for safety in nuclear power plants must rest with 
the person or organisation responsible for the facilities and activities that 
give rise to risks.

Principle 1 of the IAEA Fundamental Safety Principles (IAEA, 2006a, 
page 6) states: ‘The responsibilities are defi ned in a license, granted to the 
licensee by the state regulators.’ In summary, the licensee is responsible for 
ensuring that the workforce, the general public and the environment are 
protected from risks and hazards that might arise from the operation of 
nuclear facilities. The licence describes those measures that must be taken 
by the licensee to safeguard against those risks.

Those responsibilities cannot be delegated but work associated with the 
enactment of those responsibilities can be delegated or outsourced. In such 
circumstances the licensee must be able to demonstrate effective control 
over the specifi cation, procurement and enactment of such work.

The management of risks involves maintenance of organisational effec-
tiveness and design integrity, and compliance with operating rules and 
procedures.

5.2.2 Leadership and management of safety

All things that happen in industrial societies are a result of people’s efforts. 
The bigger and more complex the task the greater number of people that 
will be involved and the more diverse the skill sets required. Nuclear power 
stations require, in their design, construction, commissioning and operation, 
large numbers of people with diverse skills. In order for them to be success-
ful in what they do, they must be organised into a cohesive workforce with 
a clear vision of what they are seeking to achieve. The role of the leader in 
any organisation is to defi ne that vision and create an organisation capable 
of delivering the vision.

Successful leaders are characterised by their behaviours, their honesty, 
integrity and competence that enable them to command respect and engen-
der trust. The way they treat people will infl uence the sustainability of the 
organisation.

Leaders will exhibit their characteristics in both conscious and uncon-
scious ways. The people who work for them will be looking for signs of their 
values, standards and expectations in everything they do and they will 
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interpret them into their own actions and behaviours. Thus the corporate 
culture and in particular the safety culture in an organisation is promul-
gated. The culture of successful organisations will be characterised as one 
in which people want to do things right, want to work together to achieve 
shared objectives. The choice of leaders is probably the most critical deci-
sion of any organisation.

5.3 The means to enact responsibilities and enhance 

leadership effectiveness

5.3.1 Organisational factors

Operators in all regulatory environments must establish organisations 
within which the personnel have effective leadership and the knowledge, 
skills and attitudes required to manage nuclear assets.

The operator must establish programmes, processes and procedures 
through which the knowledge and skills of the workforce are effectively 
deployed. These must be applied to all phases of design, site selection, 
construction, commissioning, operation and maintenance of the plants. 
Ultimately, decommissioning activities will also require similar 
consideration.

The levels of resource and the competencies required will be determined 
by the strategy adopted for the implementation of the responsibilities 
assigned to them in the licence conditions. In many cases work will be out-
sourced and this will have an impact on the resource levels required by the 
operating organisation, but the responsibility for the enactment of the 
nuclear site licence will always remain with the licensee, so the ability to 
specify what work is required and to assess the adequacy of the work under-
taken must be retained and maintained by the licensee.

5.3.2 Training and development

The operating organisation is responsible for ensuring that it is resourced 
with personnel who have the necessary knowledge and skills to perform 
the tasks assigned to them and for ensuring that those competencies are 
maintained throughout the lifecycle of the plant. This is achieved through 
induction or initial training at the time of recruitment and through continu-
ing training during the period of employment.

Key to effective training is an objective analysis of training needs, 
facilities, equipment and suitably qualifi ed trainers for the delivery of train-
ing, together with a process for the continued evaluation of training 
effectiveness.
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In recognition of these requirements the US utilities have employed a 
systematic approach (SAT) to the development and delivery of technical 
training. This approach has contributed greatly to the enhancement of pro-
fessionalism in the workforces and to performance improvements in the US 
NPPs.

In support of the US utilities, the National Nuclear Training Academy 
has established a set of objectives and criteria that describe the attributes 
of organisations with effective training programmes. In summary these are:

1. Training is used as a strategic tool to provide highly skilled and knowl-
edgeable personnel for safe operation and to support performance 
improvement.

2. Management is committed to and accountable for developing and sus-
taining training programmes that meet NPP needs.

3. Initial training programmes use a systematic approach to the identifi ca-
tion, design and delivery of training.

4. Continuing training uses a systematic approach to refresh and improve 
the knowledge and effectiveness of the workforce.

5. Training is conducted and uses methods and settings that are conducive 
to effective training. Effectiveness of training is confi rmed through 
evaluation.

6. Evaluation methods are employed to systematically assess the effective-
ness of training and to identify areas for improvement.

Each of these principles is outlined in the US National Academy for Nuclear 
Training standard ACAD 02-001. In that standard each of the principles or 
objectives is supported with a set of supporting criteria. Utility training 
programmes are periodically assessed against these criteria by NTA evalu-
ators and those deemed to satisfy the criteria have their programmes 
accredited by an independent board of assessors. The practice has been 
adopted in UK and South African utilities.

5.3.3 Safety culture

Most of the arrangements for managing safety are in a very tangible form, 
which are easy to recognise and communicate. These consist of the site 
licence, policies, processes, procedures and organisational attributes, for 
example. To enact the work, staff will require knowledge and skills that can 
be objectively defi ned and instilled in the workforce.

Of even greater importance, however, is the need for personnel to go 
about their work with attitudes and behaviours which recognise the risks 
associated with the technology entrusted to them, that they act conserva-
tively when making decisions that relate to safety, and that they strive to 
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do their work to the best of their abilities at all times. Together these organi-
sational attributes and the attitudes and behaviours are described as the 
safety culture of an organisation.

The term ‘safety culture’ was fi rst introduced by the IAEA International 
Nuclear Safety Advisory Group (INSAG) in their Summary Report on the 
Post-Chernobyl Accident Review and subsequently published by them as 
IAEA Safety Series no. 75-INSAG-1. The term was later expanded and is 
now embodied in IAEA INSAG-4 published in 1991. The IAEA INSAG 
defi nition is:

‘Safety culture is that assembly of characteristics and attitudes in organizations 
and individuals which establishes that, as an overriding priority, nuclear plant 
safety issues receive the attention warranted by their signifi cance.’

The World Association of Nuclear Operators (WANO) in their Peer 
Review programme and the IAEA in their OSART programme conduct 
reviews that seek to assess the status of safety culture in the plants that they 
visit. The IAEA also conducts specifi c missions to assess safety culture in 
NPPs known as SCART missions (Safety Culture Assessment Review 
Teams).

Following the Davis Besse vessel head incident, the US Institute of 
Nuclear Power Operators (INPO) developed a set of principles which 
should exist in organisations with a strong safety culture (INPO, 2004). 
These were published as a guidance document for the industry. The World 
Association of Nuclear Operators adopted the same principles in 2006.

There are diffi culties in distinguishing between national culture and 
safety culture in international programmes but the WANO and OSART 
performance objectives and criteria overcome these diffi culties.

In the INPO/WANO Principles for a Strong Nuclear Safety Culture, 
safety culture is defi ned as:

‘An organization’s values and behaviors – modeled by its leaders and internal-
ized by its members – that serve to make nuclear safety the overriding 
priority’

This defi nition, together with the defi ning principles, are not incompatible 
with the defi nition produced by the IAEA but emphasise the role of leaders 
in defi ning the corporate culture of an organisation. The principles are:

1. Everyone is personally responsible for nuclear safety.
2. Leaders demonstrate commitment to safety.
3. Trust permeates the organisation.
4. Decision making refl ects safety fi rst.
5. Nuclear technology is recognised as special and unique.
6. A questioning attitude is cultivated.
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7. Organisational learning is embraced.
8. Nuclear safety undergoes constant examination.

These principles are further characterised in detail in the documents. US 
utilities have established a safety culture assessment programme based on 
evaluation against the principles.

5.3.4 Design integrity

In the design phase of any plant, measures are taken and design features 
are incorporated to ensure that the plant can satisfy stringent safety, reli-
ability and economic criteria. The designs are subjected to rigorous analysis 
and, where feasible, testing to verify performance claims. Subsequently they 
will be further analysed by the prospective owner operators and by regula-
tory authorities. The process of evaluating the designs is very demanding 
and time consuming and necessarily so.

It follows therefore that it is equally important that all the components 
are manufactured and assembled in accordance with the design intent. 
Throughout the manufacturing and construction phase of any plant, meas-
ures must be taken to ensure that the plant and equipment complies fully 
with the licensed design requirements. The owner or operating organisation 
must be in a position to ensure that is the case before acceptance of the 
plant. This will require the operating organisation to establish programmes 
for evaluation of quality of components throughout the manufacturing and 
construction phases of the plant.

Throughout the operating lifetime of the plant, the operators have an 
obligation to ensure that the plant remains compliant with the licensed 
design. Maintenance inspection and testing programmes will be developed 
for this purpose.

Over time, the cumulative evolution of changes in plant performance and 
the condition of the plant due to in-service aging will need to be assessed. 
Periodic safety reviews are a common feature of regulation in many coun-
tries where comprehensive reappraisal of the plant status against the design 
and licensing criteria are undertaken. The periodicity will vary from regula-
tor to regulator and the terms of reference and scope will vary.

Modifi cations or changes to operating procedures to address identifi ed 
issues must be subjected to an approval process. The scope and criteria for 
approval of changes are usually related to the nuclear safety signifi cance of 
the change in question.

These responsibilities will be placed on the operating organisation for 
the full lifecycle of the plant, which will be for several decades. It is vital, 
therefore, that every operating organisation establishes the knowledge base 
and capability to fulfi l these functions at an early stage in the plant’s 
lifecycle.
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Typically, the body of personnel assembled to fulfi l such a function is 
known as the ‘Design authority’ for the operating organisation. The IAEA 
has published two documents in the INSAG series that address the concept 
of a design authority:

• INSAG-14 (1999), Safe management of the operating lifetimes of nuclear 
power plants

• INSAG-19 (2003), Maintaining the design integrity of nuclear installa-
tions throughout their operating life

As the lifecycle of the plant will probably span the working lives of more 
than one generation of personnel, programmes must be established to 
retain the knowledge and capability to fulfi l that function over several 
decades.

5.4 Responsibilities of the operator in the lifecycle 

of a nuclear power plant

5.4.1 Preconstruction activities

The decision to construct a nuclear power station involves the commitment 
of huge resources, so it is not one that can be taken without careful 
consideration. The decision-making process must be rigorous and 
comprehensive.

Initially the decision-making process involves an appraisal of the socio-
economic circumstances, to determine if new generating capacity is required 
and to determine if a nuclear power station is an acceptable option to satisfy 
such a need.

If the politics and the demand for new generation are favourable the next 
phase will involve a decision to commit fi nance. The fi nancial appraisal must 
include consideration for the choice of site, the design options, the funding 
options available and the electricity market model in which the plant will 
operate. These tasks will require specifi c knowledge and experience, which 
must be established in the operating organisation several years before build 
commences.

In addition the operating organisation must recognise and cater for the 
demands of the regulatory process associated with new build and acquisi-
tions. These can be very lengthy and resource demanding, so they require 
a strategy and a fully resourced plan for dealing with them in order to 
optimise the timescales and costs involved.

The decision to build must also take into account the availability of a 
suitable infrastructure to manufacture, build and operate the plant. For 
many years the manufacturing sector was dormant due to a lack of orders. 
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Many of the major manufacturers survived on the basis of manufacturing 
replacement parts, design upgrades and service activities. Clearly such activ-
ities resulted in a reduction of staff and a loss of competencies, which have 
had to be renewed in a very short timescale.

The nuclear renaissance has come with a rapid surge in demand for plant 
and equipment, so manufacturing capacity is further stretched to capacity. 
Similarly, universities and other educational institutions that provided train-
ing for nuclear industry workers closed down courses and reassigned staff 
to other educational programmes (see Chapter 6).

The current approach to licensing of nuclear plants seeks to establish 
generically approved designs. However, each site chosen for construction 
must be assessed to determine if it can satisfy generic design requirements 
and to assess the environmental impact of that design on the site, through 
all phases of construction, commissioning and operation. These studies and 
the generic design characteristics will form the basis for the decision to 
grant licences and the conditions associated with the licences. The execution 
of such studies will require specialist skills.

The preconstruction activities are costly and resource intensive, as well 
as being quite lengthy in nature. It can be concluded from this brief descrip-
tion of the decision-making process that the prospective operator must 
commit signifi cant resources and commence the construction of the operat-
ing organisation well before the decision to build is taken.

5.4.2 Construction and commissioning

The construction project strategy to be adopted by an operating organisa-
tion will depend on its circumstances. It must be recognised, however, that 
even with a turnkey contract, considerable resources will be required to 
ensure due diligence in the acquisition and construction phase.

For the commissioning phase the operating organisation must be suffi -
ciently developed to acquire the knowledge and experience to be gained 
from commissioning activities and to be in a position to assume full respon-
sibility for operation on completion of the contract.

In some countries the nuclear site licensing process has been developed 
to allow a general licence for construction and commissioning. There 
are, however, hold points in such licences that require the operator to 
meet conditions with regard to the competencies that must be established 
before, for example, nuclear fuel is delivered to the site or fuel is loaded 
into the reactor. Business plans and project plans must refl ect these 
requirements.

Licensing issues are covered in Chapter 20 and commissioning in 
Chapter 22.
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5.4.3 Operational phase

Safe operation is assured by effective design, acquisition and installation of 
plant and equipment that satisfy the design requirements. A licensing 
process and quality assurance measures must be established to ensure that 
these requirements are satisfi ed.

Throughout the operating life of the plant, it is the operating organisa-
tion’s responsibility to ensure that the plant design fi delity is maintained 
and that it is operated and maintained in accordance with design require-
ments. Periodically regulators will require a design assessment to determine 
such things as the impact of in-service aging on the design characteristics 
and to assess if any countermeasures are required in the form of replace-
ment components, modifi cations or changes to operating conditions.

Nuclear site licence conditions will defi ne the responsibilities of the oper-
ator for ensuring safety and environmental protection.

The licensing process and the means of enacting licence requirements are 
discussed in Chapter 20, and operations in Chapter 23.

5.4.4 Decommissioning

The operating organisation is responsible for making full provision for the 
costs of decommissioning and disposal of hazardous waste. The fi nancial 
provisions must be set aside throughout the operating lifetime of the plant. 
In addition the operator must ensure that the hazardous waste arisings are 
kept to an absolute minimum, that they are effectively stored until fi nal 
disposal and that a full inventory of the hazardous waste is maintained. 
Prior to closure of an NPP, the operating organisation is required to seek a 
license for the activities involved.

Decommissioning is covered in detail in Chapter 24.

5.5 Importance of organisations for safe operation

The effective enactment of the roles and responsibilities associated with the 
construction, commissioning, operation and decommissioning of nuclear 
power plants depends on the effectiveness of the operating organisation. 
Throughout the lifecycle each phase of activity will have its own specifi c 
needs and challenges. Operating organisations must adapt and develop to 
meet those requirements. In addition the lifecycle of a NPP will last several 
decades so the challenge of maintaining organisational effectiveness over 
the full term of the lifecycle must not be underestimated.

Worldwide experience in peer reviews, OSART missions and event anal-
ysis demonstrate that most events and performance defi ciencies identifi ed 
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in those programmes have their genesis in organisational and human per-
formance factors.

Conversely, the US utilities achieved one of the most outstanding per-
formance improvements on record. At the time of the Three Mile Island 
Accident in 1979, there were approximately 104 NPPs in service with an 
average Unit Capability Factor (UCF) of just 60%. Today, with the same 
number of plants in service, the fi gure is approximately 92%. That achieve-
ment is almost entirely due to improvements in organisational effectiveness 
and the ability to learn from experience.

One of the great features of that improvement is that it is well docu-
mented and readily replicable. Today organisations such as the IAEA, 
WANO and INPO facilitate the identifi cation, sharing and promotion of 
good practices between utilities worldwide through, for example, their 
Technical Exchange, Peer Review, OSART, Technical Publications and 
Good Practices Programmes.

5.6 Building and maintaining 

an operations organisation

This section will describe a systematic approach to organisational design; 
it will also describe the reasons for and the means of monitoring and 
evaluating organisational effectiveness and identifi cation of areas for 
improvement.

5.6.1 Systematic approach to organisational design

When designing any organisation the fi rst requirement is to determine the 
purpose of the organisation:

• The business it will serve
• The functions that must be performed
• The tasks that must be performed
• The responsibilities that must be discharged
• The competencies that will be required
• The resources that will be needed.

Using the systematic approach to organisational design, it is also possible 
to determine the knowledge skills and attitudes required to fulfi l those 
tasks.

In the preconstruction and construction phases the work will involve, for 
example:

• Design appraisal
• Financial appraisal
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• Site selection
• Contract management
• Project management
• Quality assurance
• Legal and regulatory activities.

In the construction phase, industrial safety management is a very important 
and signifi cant challenge. It is also necessary to have the capability of moni-
toring and evaluating the standard of construction, the integrity of plant 
installation and, in the case of turnkey contracts, establishing a project 
management overview.

Commissioning activities require the plant installation to be physically 
checked for compliance with legal and safety requirements as well as sound 
engineering practices prior to the test programmes to demonstrate compli-
ance with safety and design performance characteristics. The skill sets will 
not be dissimilar to those required for normal operation and maintenance. 
In many cases these activities are carried out directly, or independently 
verifi ed by members of the operating organisation that will eventually run 
the plant.

The construction and commissioning phases will be the subject of regula-
tory licence conditions in respect of staffi ng and competencies required (see 
Chapter 22 on commissioning).

The functions and activities performed in nuclear power plants are 
described in the WANO/INPO/IAEA Performance Objectives and Criteria 
(POs and Cs) used in peer reviews and OSART missions. Similar POs and 
Cs exist for the corporate functions associated with the management of 
NPPs.

For a nuclear power plant typical functions are:

• Organisation and administration
• Operations
• Maintenance
• Engineering
• Chemistry
• Radiological protection
• Emergency preparedness
• Training
• Fire protection.

In addition there are a number of what are called cross-functional areas 
which address such things as safety culture, industrial safety and work man-
agement. NPP organisations also need functions such as organisational 
administration, human resources, quality assurance and fi nance that are not 
prescribed in the WANO/INPO and IAEA POs and Cs.
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In addition to determining the functional groups required, the structure 
has to be determined. Spans of control and the number of direct reports 
for leaders and managers, aggregation of synergistic groups, and the levels 
in the organisation must be determined. In many cases the management 
structure and resources associated with the management of nuclear power 
installations will need to be formally approved by the regulatory authorities 
and will be the subject of regulatory oversight for the duration of the 
licence.

Changes to such organisations are usually treated in a similar way to 
design changes for plant and equipment, including the need for regulatory 
approval prior to any change in some cases.

5.6.2 Building an organisation 

Once the design criteria have been established, the next phase is to put the 
structure in place. Building an organisation is much like building a power 
plant. First the design has to be developed and approved; then the compo-
nents, which must be suitably qualifi ed for their application, must be 
acquired. The parts then have to be assembled and commissioned.

For each of the functions that have to be fulfi lled in a nuclear power plant, 
specifi c jobs and tasks will have to be performed. These can be determined 
by conducting an analysis of each of the functions. The job and task analysis 
would defi ne the knowledge and skills required for each position in the 
organisation.

Normally a utility would be expected to recruit personnel with generic 
academic qualifi cations and maybe a number with relevant skills and expe-
rience. A gap analysis of the skills acquired through recruitment against 
those determined through the job and task analysis will identify the knowl-
edge and skills that have to be addressed through training.

When the resources needed to populate the organisation are in place, 
they must be put to work in a manner that tests their suitability for their 
assigned roles and the organisation within which they will work, in the same 
manner that plant and equipment is tested during commissioning.

Throughout the lifetime of the plant these skills will need to be regularly 
refreshed through repeat training. They will also need to be reviewed 
and revised from time to time on the basis of plant and personnel 
performance.

5.6.3 Integrated management systems

The personnel in any organisation have to be integrated into a cohesive 
unit in which roles and responsibilities are clearly understood. Typically 
these are described in the form of policies, processes and procedures in 
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quality assurance (QA) programmes. Such programmes will include poli-
cies in respect of health, safety and welfare and environmental protection.

The great danger with quality assurance programmes is that they can 
become over-prescriptive; this in turn can result in them becoming impracti-
cal to use and maintain. Pragmatism in the development of the associated 
procedures is advisable. The degree of detail in such procedures can be 
determined by the nuclear safety signifi cance of the issue to be covered and 
the need for detail.

Over time, quality assurance programmes have evolved from prescriptive 
programmes that are imposed to the more inclusive concept of Total Quality 
Management (TQM) programmes.

The concept of integrated management systems attempts to go further 
by taking into consideration cultural factors, such as safety culture, that 
infl uence and are important to the way in which an organisation operates 
(IAEA 2006b).

The Management System for Facilities and Activities Safety Requirements 
Series No. GS-R-3.

5.7 Monitoring and evaluating 

organisational effectiveness

Over time, organisations will experience changes to personnel and perform-
ance; if these changes go undetected they could have an adverse effect on 
nuclear safety and plant performance. Similarly, circumstances change and 
organisational needs will change as a result. It is important therefore that 
the effectiveness of organisations is regularly reviewed to ensure they are 
compliant with nuclear site licence conditions and company arrangements 
described in QA programmes and to identify areas for improvement.

The nuclear industry has developed many programmes for the evaluation 
of organisational effectiveness, some of which are described below.

5.7.1 Quality assurance audits

Typically, quality assurance audits determine whether organisations are 
compliant with company arrangements. Chapter 21 addresses QA in detail.

5.7.2 Peer reviews and OSARTs

Peer reviews and OSART missions are conducted by independent agencies 
such as INPO, WANO and the IAEA. Peer reviews involve peer-to-peer 
comparison of practices between utilities and plants to identify areas for 
improvement in organisational effectiveness and the promotion of best 
practices.
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Assessments of situations, conditions and practices are compared against 
industry standards based on good practices which are in the form of per-
formance objectives and criteria (Pos and Cs).

Feedback to the utility is in the form of areas for improvement (AFIs), 
often accompanied with insights into the underlying causes of the defi cien-
cies identifi ed.

The tangible product of a peer review or OSART mission is the mission 
report, but much of the benefi t derived from hosting and participating in 
such missions is in the informal exchanges between peers.

Good practices identifi ed in the course of such missions are captured and 
promoted through the industry in the form of Guidelines or Good Practices.

5.7.3 Nuclear oversight

Peer reviews and OSART missions are performed infrequently. The indus-
try has recognised that the stimulus provided by them starts to peter out 
after a while and with that comes a loss of momentum for improvement.

Many organisations have now developed nuclear oversight functions that 
conduct reviews based on the peer review POs and Cs using a similar meth-
odology in which the review process is maintained.

Typically, nuclear oversight personnel are independent of any line func-
tion and involve personnel with plant experience and preferably experience 
in the peer review process.

5.7.4 Self-assessment

Self-assessment programmes are a means by which practitioners of various 
programmes or functions take time out from their normal day-to-day activi-
ties to objectively assess the way in which they are conducting their activi-
ties against a set of internationally recognised criteria. Normally, WANO 
peer review or OSART performance objectives and criteria are used in such 
processes. The assessments are conducted with in-house personnel and can 
follow a similar format, but with limited scope, to a peer review exercise.

5.7.5 Corrective action programmes

Corrective action programmes (CAPs) are designed to enable the reporting 
of any conditions adverse to quality by any member of staff working at an 
NPP. The CAP programmes are also used to classify and trend issues, to 
record and monitor progress against actions raised in response to reported 
issues.

Corrective action programmes are also used to record and trend actions 
arising from other forms of evaluation such as peer reviews, Op Ex, QA 
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audits and self-assessments. Having the corrective actions from all sources 
of evaluation enables the operator to ensure that common causes and con-
tributors to issues raised are treated more effi ciently and effectively.

5.8 Maintaining organisations

Over time, organisations and the individuals in them can change in both 
composition and performance just as the condition and performance of 
plant and equipment changes as a result of in-service aging. Engineers will 
be familiar with plant aging issues and the maintenance practices that seek 
to reverse or halt the impact of in-service degradation.

The same imperatives apply to organisations and the individuals in them. 
It is important, therefore, that the effectiveness of organisations and the 
individuals in them is carefully monitored and evaluated as described 
earlier. This is akin to condition monitoring of plant and equipment.

Interventions to maintain organisational effectiveness can come in the 
form of continuous training, which is analogous to preventative mainte-
nance, or remedial training, which is analogous to equipment repairs.

5.8.1 Knowledge management and succession planning

Nuclear power plants are designed to last for several decades and genera-
tions in the workforce. This poses two main challenges for the operating 
organisation. Firstly, it must have in place the means to identify the need 
for replacement in a timely manner. This is vitally important because of the 
long lead times involved in training and developing specialist personnel 
such as reactor operators, for example. Secondly, operating organisations 
must ensure that the knowledge and experience acquired by the personnel 
leaving the organisation is not lost with their departure. These two impera-
tives give rise to the need for robust succession planning and knowledge 
management programmes.

The IAEA has recognised that knowledge management in the nuclear 
industry represents an international challenge to safe operation and decom-
missioning of nuclear facilities. They defi ne the challenge and their commit-
ment to addressing it in the following way:

‘There is clear consensus that nuclear knowledge is a strategic asset, which 
needs to be preserved regardless of national policies related to the utilization 
of nuclear power. Nuclear knowledge is needed for safe operation of nuclear 
facilities until they are closed down and further for their safe decommissioning 
and disposing of waste.

Alongside other developments, the changing nuclear workforce is raising 
issues of “knowledge management” underlying the safe and economic use of 
nuclear science and technology. In recent years the nuclear workforce has been 
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aging, that is, more and more nuclear workers are approaching retirement age, 
without a corresponding infl ux of appropriately qualifi ed younger personnel 
to replace them.

The complexity and magnitude of the problem needs a systematic approach 
to locate and represent the knowledge domains and to perform a critical evalu-
ation of knowledge values.

In recognition of these and other trends, the IAEA executive bodies have 
called for measures to better identify the nature and scope of the problem, to 
understand what Member States are doing to address it, and to determine what 
co-operative international actions might be appropriate to enhance succession 
planning.

Knowledge and in particular nuclear safety knowledge is created and shared 
in the frame of the Agency’s Nuclear Safety activities. The IAEA is pursuing 
a vigorous knowledge management programme to ensure that existing knowl-
edge is fully utilized by the current generation of nuclear professionals and is 
effectively transferred to the work force of the future.

Focus is on knowledge generation, codifi cation, mapping, retention and 
transfer. Central to the KM activities is the establishment of an environment 
conductive to sharing knowledge including tacit knowledge.’

Utility technical training programmes which use the SAT infrastructure 
devised and employed in the US are very powerful programmes for the 
identifi cation of knowledge and experience required in nuclear power 
plants and for institutionalising it in training programmes in which it 
becomes sustainable.

5.8.2 Staff appraisals

Periodic staff appraisals and personnel performance management pro-
grammes are important in the process of determining training and develop-
ment needs and for assessing the potential of individuals for future roles in 
the organisation. It is important therefore that managers and supervisors 
conduct them objectively and effectively as their importance merits.

5.8.3 Continuing training

Continuing training can be in two forms, refresher training or remedial 
training. Refresher training is systematically determined in the SAT process 
and is designed to ensure that personnel maintain the knowledge and skills 
vital to the safe and effective execution of the tasks assigned to them and 
to enhance their performance. Plant modifi cations and/or involvement in 
infrequently performed tasks and operations evolution can also give rise to 
the need for such training.

Remedial training can be determined from event investigations, peer 
reviews or staff appraisals, for example.
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5.8.4 Standards and expectations

Personnel will, from time to time, depart from the standards expected of 
them and adopt behaviours that are not conducive to safe operations and 
high performance, through incorrect use of tools, failure to use procedures, 
poor housekeeping, inattention to foreign material hazards, or non-compli-
ance with radiological protection protocols, for example. Each time a super-
visor or manager observes such behaviours and standards being diminished 
without correcting them, they have, by their inaction, set a new and lower 
standard than is desirable.

A common fi nding in WANO peer reviews and OSART missions is a 
failure by management to establish and reinforce standards and expecta-
tions and a lack of presence of managers and supervisors in the fi eld of 
work to provide on-going mentorship and coaching of the workforce.

Readers are referred to the WANO guideline GL2002-02, Principles for 
Excellence in Human Performance.

5.9 Basis for safe operation

The basis for safe operation is a sound design, and plant and equipment 
installed and operated in accordance with the design basis, all of which is 
subject to independent regulation.

Nuclear power plants are operated and maintained by many people on 
a 24-hour 365-days a year basis, so the licensee and the regulatory bodies 
need to establish arrangements that provide assurance that the design integ-
rity and limits and conditions of operation are maintained at all times. Key 
among these requirements are:

• Rules and regulations concerning the training, qualifi cation and licens-
ing of personnel that ensure that only suitably qualifi ed and experienced 
personnel perform the tasks assigned to them

• Technical specifi cations that specify the limits and conditions of plant 
operations and direct the operator action in normal operation and in 
the event of plant abnormalities

• Plant and equipment maintenance and testing schedules that ensure the 
plant can fulfi l its design safety and performance requirements.

In addition to rules, regulations, training and experience it is vitally 
important that personnel conduct their work in a manner that is conducive 
to safe operation. In this respect it is important that the leadership of the 
organisation fosters a culture in which nuclear safety is accorded the sig-
nifi cance it merits and that people act conservatively when making nuclear 
safety-related decisions.
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5.9.1 Conduct of operations

In successful organisations the operators do much more than simply operate 
the plant. The operators set standards and expectations for all aspects of 
the plant, from performance and material condition, to housekeeping 
and the conduct of staff involved in its operation and maintenance. It is 
important therefore that operations personnel exhibit, at all times, the 
values, beliefs and behaviours that support high standards.

WANO Guideline 2001–02, Guidelines for the conduct of operations at 
nuclear power plants, provides further insights into the setting of standards 
and expectations in the conduct of operations that are conducive to high 
performance.

5.9.2 Communication

Operators have to conduct their work across many interfaces, between the 
site and external bodies such as grid control centres and emergency services, 
between shifts and management and support organisations across the sites. 
Clear, concise and effective communication is an essential attribute of 
operations personnel in both verbal and written forms.

WANO and INPO have developed Good Practices and Guidelines for 
effective communication, based on insights and experience gained in peer-
to-peer exchange programmes.

5.9.3 Shift teams

There are many shift patterns employed in the conduct of operations, from 
four shift cycles to seven or eight. The important considerations are that 
they afford some continuity between shifts and provide ample opportunity 
for training. It is also recognised that alertness levels can vary throughout 
any given 24-hour period and so such factors should be taken into consid-
eration when designing shift patterns.

In most cases shift ‘teams’ are kept together in the interest of promoting 
teamwork and effectiveness. The airline industry, however, is more con-
cerned that familiarity between fl ight crews could have an adverse effect 
on performance, so they promote regular refreshment in their fl ight crews. 
There is considerable evidence to support the airline industry view. Shift 
teams that work together form group norms and habits, together with a 
reluctance to challenge each other’s standards.

It is also true that shift teams are not exposed to the same operational 
experience. Normally attempts are made to cross-fertilise experience across 
the shifts through training scenarios, but much experience is not covered in 
this way and one of the few ways where it can be promoted is through 
regular interchange of personnel between shifts.
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5.9.4 Simulator training

When managing fault situations there is no substitute for the fundamental 
training that operators receive to qualify them for their roles. Such training 
enables them to make discerning decisions based on their knowledge and 
experience. Simulator training (see Appendix 4) can demonstrate to the 
operators the relevance of such knowledge and the effectiveness of deci-
sions they make in transient and fault situations. Much more than that, it 
enables the operators to practise and perfect their actions and responses to 
both frequently and infrequently performed plant evolutions.

In addition to improving the man–machine interfaces, simulator training 
is an important platform for improving human performance at both the 
individual and group levels. Simulator scenarios that do not cover this are 
missing important opportunities to enhance performance.

Regular training on simulators can be clearly demonstrated to improve 
both safety and reliability. Most experience suggests that simulators are 
most effectively utilised when they are close to the nuclear power plant 
sites. Although practices differ in this respect, the trend is towards site-
based simulators.

5.9.5 Technical specifi cations

Safe operation of nuclear power installations depends on the maintenance 
of effective control, cooling and containment of the reactor core and its 
contents at all times. Designers provided systems and safeguards to satisfy 
these requirements. It is the role of the operator to ensure that these 
systems and safeguards remain available and functional through all phases 
of start-up, steady-state operation, transients, shutdowns and maintenance 
activities. The operator is also required to ensure that the plant operates 
within design limits and conditions that are determined in the design phase 
safety analysis.

Suitably qualifi ed and experienced personnel are charged with these 
responsibilities; the numbers and qualifi cations of such people so charged 
are also part of the safety analysis and feature as limits and conditions to 
be observed in regulations.

Engineered safeguards are designed to maintain core control, cooling and 
containment of the reactor core. To ensure the availability and functionality 
of equipment, the operators conduct surveillance tests, preventative main-
tenance activities, inventory management and confi guration management 
activities. These requirements feature in the form of rules and regulations 
for operator compliance.

From time to time, equipment will become unavailable or inoperable, 
operational limits will be encroached upon and transients will occur. In such 
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circumstances it is important that the operator makes decisions in a control-
led and logical manner that are consistent with the plant design limits and 
conditions. Technical specifi cations provide the operator with the basis for 
such decision-making.

The IAEA Safety Guide on limits and conditions (IAEA, 2000) describes 
the basis for the development of operating limits and conditions or techni-
cal specifi cations.

The US, Nuclear Regulatory Commission were the pioneers in the devel-
opment and use of technical specifi cations. In the US, Standard Technical 
Specifi cations (STS) are published for each of the fi ve reactor types as a 
NUREG-series publication. Plants are required to operate within those 
specifi cations. The regulations describe the limits and conditions to be 
observed in a whole range of reactor parameters.

5.10 Engineering support and design authority

Nuclear power plants are often designed and constructed by groups of 
companies that come together for a single or a small number of projects. 
The NPPs that they construct, however, will exist for several decades.

Nuclear power plants by their nature are complex. They are composed 
of many components and interdependent systems that must operate in a 
manner that meets the design intent. Over many years of operation the 
plant will experience many changes, equipment will become obsolete, and 
physical changes in the condition of materials will occur.

It is incumbent on the operating organisation, therefore, that they main-
tain the capability to objectively assess changes in plant condition and 
performance, appraise design changes and retain the knowledge base to do 
so. This capability will reside in those bodies of engineering personnel with 
the knowledge and experience to perform those duties and in the body of 
design data, drawings and materials acquired from architect engineers at 
the time of construction. Collectively this corporate intellectual feature is 
known as the Design Authority. The IAEA publication INSAG-19, 
Maintaining the design integrity of nuclear installations throughout their 
operating life, provides further detail.
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6
The need for human resources in nuclear 

power programmes

F. J. SÁNCHEZ, Tecnatom, Spain

Abstract: Human reliability is directly related to the competencies of the 
personnel. A cornerstone of a new nuclear programme is to have 
available, on time, enough professionals with the necessary competencies.

This chapter will help readers foresee the need for human resources, 
which organizations are involved, which specialities will be more 
demanding, the relevance of the educational system and different 
strategies to cope with the lack of vocations, the changing in the 
specialization requirements in the nuclear power plant (NPP) lifecycle, 
the international effort to support such challenges and some key 
considerations to design and implement effective initial and continuing 
training programmes.

Key words: human resources, competencies, knowledge management, 
education and training.

6.1 Introduction

Within the justifi cation concept, safety and reliability are two cornerstone 
issues. In both, human reliability is always implicit. This important factor, 
human reliability, is directly related to the competencies of the personnel.

The International Atomic Energy Agency (IAEA, 2009a) defi nes ‘com-
petencies’ as a ‘combination of knowledge, skills and attitudes in a particu-
lar fi eld, which, when acquired, allows a person to perform a job or task to 
identifi ed standards. Competencies are developed through a combination 
of education, experience and training.’

No new nuclear programme will succeed if not enough personnel, having 
suitable competencies, are allocated on time to accomplish their duties with 
full responsibility. In the nuclear renaissance, solving this problem could 
constitute a bottle neck as important as competing for a slot in a vessel head 
forge or even more.

This chapter will help readers foresee the need for human resources, 
which organizations are involved, which specialities will be more demand-
ing, the relevance of the educational system and different strategies to cope 
with the lack of vocations, the changing in the specialization requirements 
in the nuclear power plant (NPP) lifecycle, the international effort to 
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support such challenges, and some key considerations in designing and 
implementing effective initial and continuing training programmes.

The relevance of developing strategic human resources planning at an 
earlier stage of the project, and the specifi c factors to take into considera-
tion when planning, are addressed in Section 6.2. The core of the section 
reveals the appropriate staffi ng of the different nuclear stakeholders to 
carry out their mission. Among the nuclear stakeholders are included the 
human resources requirements of political decision makers, regulatory 
authorities, educational and training organizations, research centres, utili-
ties, engineering and service companies, main suppliers and equipment 
vendors, construction companies, plant operators, nuclear fuel cycle and 
waste management companies.

Section 6.3 focuses on the nuclear education programmes, including the 
research and development (R&D) projects as a natural source to create 
new nuclear knowledge, the support provided by the national educational 
system, including the universities and the vocational schools, and strategies 
to enhance the education system to attract new vocations. Finally, national 
initiatives in different countries to promote nuclear knowledge are 
introduced.

The importance of knowledge management is discussed in Section 6.4 in 
connection with the changes of specialization requirements throughout the 
NPP lifecycle. The study is conducted in four different stages: engineering 
and licensing, construction and commissioning, plant operation, and decom-
missioning, where according to the different tasks and activities to be under-
taken, the corresponding level of education and speciality for professionals, 
technicians and craftsmen is identifi ed.

The benefi t of international collaboration is the starting point for Section 
6.5. The relevance of the Institute of Nuclear Power Operation (INPO) as 
a reference for personnel training and qualifi cations, the common education 
and training efforts at the level of the International Atomic Energy Agency 
(IAEA) or EURATOM FP-7 among others, and the international networks 
of excellence in education and training are the topics covered in this section.

Section 6.6 describes the main features to design effective initial and 
sustained training programmes based on the international standard of the 
Systematic Approach to Training (SAT). An important part of the section 
is devoted to discovering the elements to create a comprehensive training 
system, such as training regulatory requirements, training organization, 
management and staffi ng, training programmes and materials, instructors 
and training facilities and training tools, including simulators. In conclusion, 
the section suggests that training as a strategic tool for human performance 
improvement be taken into consideration.

Sources of further information, including important specialized websites, 
and the references used in this chapter are included in Sections 6.7 and 6.8 
respectively.
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6.2 Human resource requirements of 

the nuclear stakeholders

Nuclear technology has a specifi c concern which makes it different from 
other industries: the work in radioactive environments and, as a conse-
quence, special requirements related to safety and radiological protection 
which are needed to be taken into account in all activities related to the 
nuclear industry. Such special requirements correspond to specifi c compe-
tencies which need to be thought about when planning human resources 
needs.

In a new nuclear programme, whether it is the fi rst nuclear power plant 
or enlarging the current fl eet, stakeholders should make a realistic assess-
ment of their educational and training capabilities to develop nuclear 
knowledge in the quantity and quality needed.

6.2.1 The importance of human resources planning

At a very early stage (around 12 years before the fi rst fuel loading) it is 
critical to plan the human resources requirements with a long-term vision. 
The following items must be considered within the human resources 
planning:

 1. Job profi les and selection criteria. Once the decision about the project 
organization and the future plant organization is made, the next step 
will be to identify the job positions needed for the tasks to be accom-
plished during the different stages of the project, including plant opera-
tion and maintenance. With the detailed matrix (job position – number 
of candidates – year of hiring) already made, it will be useful to group 
the future job positions into families, such as managers, engineers, 
instructors or regulators, then afterwards select from them the best 
candidates for the different jobs.

The number of new employees to be contracted in a specifi c year will 
depend on the capability to train them and the predicted allocation of 
manpower for the different tasks within the project.

 2. Training programmes. It will be necessary to design different training 
programmes as the project progresses. During the fi rst years it will be 
enough to provide some generic nuclear training with different content 
for each group to become familiar with the specifi c areas in the nuclear 
fi eld. Table 6.1 includ e s typical training modules to be implemented 
for the different stakeholders during the fi rst steps of a nuclear 
programme.

Depending on the activity involved, more specifi c training will be 
delivered, complementing the generic nuclear part, in areas such as 
project management, quality assurance and quality control, licensing, 
norms and regulations, among others.
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Table 6.1 Typical training courses during the fi rst steps of a nuclear programme

Training content E&P C&C EM RB O&M

NPP Fundamentals Applied Thermodynamics 
and Fluid Mechanics 

• • • • •

Mechanical & Electrical 
Components

• • • • •

Control & Instrumentation • • • • •
Strength of Materials • • • • •
Nuclear Physics • • • •
Thermohydraulics • • • • •
Nuclear Reactor Chemistry • • •

Design and 
Engineering

NPP Design Criteria • • • • •
Safety Assessment • • • • •
Technical Specifi cations • • • • •
Design Engineering • • • • •
Nuclear Safety and Safety 

Culture
• • • • •

Nuclear Technology Nuclear Steam Supply 
System

• • • •

Reactor Auxiliaries 
Systems

• • • • •

Plant Services • • • • •
Safeguard Systems • • • • •
Water-Steam Cycle • • • • •
Reactor Control, Limitation 

and Protection System
• • • • •

Effl uent treatment systems • • • • •

Operation and 
Maintenance

Plant Operation. Operation 
Handbook

• • • •

Transient and Emergency 
Analysis 

• • • •

Excellence in Human 
Performance

• • • •

Practices of Operation in 
Simulator

• • • •

Maintenance Management • • • • •
Equipment Reliability • • • • •
Environmental 

Considerations
• • • • •

RP and Regulation Radiological Protection • • • • •
Nuclear Legislation and 

Regulation
• • • • •

Emergency Preparedness • • • • •
Nuclear 

Management
NPP Project Planning • • • • •
NPP Organization / 

Processes Management 
• •

Industrial Safety • • • • •
Quality Assurance and 

Quality Control
• • • • •

Fuel and 
Decommissioning

Fuel Cycle • • • •
Decommissioning • • • •

E&P: Engineering and Procurement. C&C: Construction and Commissioning. EM: 
Electrical, Mechanical and Instrumentation Equipment Manufacturers. RB: 
Regulatory Body. O&M: Plant Operation and Maintenance.
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Some in-plant training, either tutoring or ‘shadowing’, is highly rec-
ommended, in order to become familiar with the allocation of systems 
and main equipment, the functioning of the operation departments and 
the internal norms and procedures. This experience can be gained in 
reference plants that the vendor has previously built or, if appropriate, 
in other plants belonging to the owner/operating organization.

 3. Task assignment within the project and professional development. 
As soon as the training is fi nished the professionals and technicians will 
be assigned to a specifi c task within the project. The project manager 
should perform technical competency-based assessments, leadership 
development, and succession planning for future high-responsibility 
assignments.

According to the IAEA (2008a), the infl uencing factors that can reduce 
the human resource requirements are as follows.

• Those NPP operating organizations considering adding new nuclear 
units have to assess the extent to which the current workforce can 
be effectively utilized for the commissioning and operation of the 
additional units and in this way provide an opportunity to evaluate 
the possibility of sharing common services for the whole fl eet (e.g. 
the Quality Assurance department or even Maintenance). It is possible 
to achieve as much as a 30% reduction in manpower requirements 
for the next reactor when maintaining an effi cient organizational 
structure.

• Where an owner/operator owns or operates units at more than one 
location, a different organizational structure may be used to improve 
effi ciency. Many functions can be centralized in the parent organization. 
It is common to fi nd fl eet nuclear companies that have an average of 
20% fewer personnel due to the economies of scale.

• Some new advanced reactors have a more simplifi ed design and fewer 
systems and components, therefore the staffi ng reductions for a passive 
light water reactor plant compared to a current nuclear plant could be 
about 40%.

• Finally, another factor that can affect the number of resources needed 
is the possibility of contracting specialized services externally. Although 
operating organizations tend to conduct maintenance activities them-
selves, rather than contracting with a vendor, there are some exceptions 
for outage-related work, where most operating organizations continue 
to rely on external support, particularly for specialized maintenance 
and inspections of major equipment. Engineering and technical support 
are other services susceptible to be contracted out. In those cases 
the licensee retains the primary responsibility for the safety of such 
operations.
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6.2.2 Stakeholder staffi ng

Although the human resources development programme for each country 
has its own unique characteristics that should be identifi ed considering the 
above-mentioned factors, in the following paragraphs the human resources 
needs for different stakeholders will be analysed according to their main 
mission.

The ranges presented in the following paragraphs should be interpreted 
as indications of orders of magnitude of the number of specialists required 
for each group of activities for a new NPP with a single unit. Most data 
have been extracted and adapted from IAEA (2007a).

Table 6.2 summarizes the human resources requirements according to 
different functions or activities to be accomplished during the implementa-
tion of the nuclear programme. Statistics regarding future nuclear employ-
ment in the USA can be found in Clean and Safe Energy Casenergy 
Coalition (2009).

Political decision makers

The long-term commitment and involvement of the corresponding govern-
mental organizations (ministries such as the Department of Trade and 
Industry, Energy Planning Commission, etc.) is very important in order to 
guarantee the adequate development of the nuclear infrastructure needed 
for the country.

This commitment will provide credibility for the nuclear programme 
investors whose involvement is critical to support policies on human 
resources development, technology selection (‘justifi cation process’), licens-
ing and regulation development, national infrastructure needs and the nec-
essary international agreements related to nuclear power. A minimum 
number of highly qualifi ed personnel will be necessary at this level.

Regulatory authorities

The nuclear regulatory body needs to be created or expanded, with respon-
sibility for defi ning all safety, safeguards and security requirements accord-
ing to codes and standards and ensuring that they are met. The regulator 
will have a relevant role during the licensing process of a new NPP.

Assistance in developing human resources may be provided by the regu-
latory body in the country of origin of the supplier or other regulatory 
bodies, and complemented by the IAEA and other international 
organizations.
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Educational and training organizations

The educational system (universities and vocational schools) will support 
the baseline of highly qualifi ed professionals in the different specialities 
required by the nuclear programme. The nuclear training organizations 
(nuclear institutes and training centres) will enhance the specifi c nuclear 
competencies of the graduates from the educational system, giving them a 
more practical approach to their future duties.

The training organization should be established as soon as possible, since 
it is the pipeline to generate nuclear knowledge for the new staff. Training 
instructors should therefore be one of the fi rst groups of people to be hired 
in the human resources planning. Senior instructors from existing training 
centres or external support (from the main supplier or specialized compa-
nies) will be required to train new instructors.

The availability of a plant-referenced simulator well in advance of fuel 
loading not only provides a unique tool for training control room personnel, 
but also is very useful for the development and validation of operating 
procedures, commissioning tests, and training of other plant personnel, as 
well as for a variety of activities including engineering, design modifi cations, 
confi guration management and licensing. Appendix 4 discusses training in 
these plant-referenced simulators.

Senior instructors can cooperate in the specifi cation of the simulator and 
the writing of the acceptance test procedures, but additional hardware 
and software engineering will be needed to develop the simulator model 
and panels.

Research centres

Nuclear research centres will give the scientifi c and technical support to 
nuclear development as well as promoting the research and development 
for current and foreseen future problem-solving and technological innova-
tion. Additionally these organizations will facilitate the transfer of technol-
ogy. Chapter 7 describes the needs and roles of such nuclear research 
centres.

The participation in international research and development projects, 
excellence networks and specialized forums, such as those identifi ed in 
Section 6.5, is another important source of nuclear knowledge and interna-
tional relationships.

Utilities

Utilities will have a crucial role to play in the development of the nuclear 
programme: site and technology selection, economic feasibility and 
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fi nancing, project planning, licensing, construction, commissioning and 
operation of the future nuclear facilities.

During the preparation phase the overall manpower needs are relatively 
modest, mostly orientated towards directing, coordinating and registering 
data, but do involve a large number of organizations (including political 
decision makers). Although the manpower required is relatively low, they 
need to be highly qualifi ed professionals. The relevant staff should prefer-
ably have professional experience in the coordination and performance of 
complex interdisciplinary studies. The needs start to increase strongly when 
the commitments are made (letter of intent and contract) to build the plant. 
The involvement of a knowledgeable consultant is recommended.

Engineering and services companies

Project engineering work requires a huge effort over a relatively short 
period of time. This can be done either by the utility itself or by its architect-
engineer or main contractor or by a combination of efforts from some of 
the participants. In any case, the minimum involvement of the utility (review 
and approval) will amount to about 50,000 engineering man-hours.

The conceptual design task can involve from 20 to 30 experienced engi-
neers and technicians for a period of up to 2 1

2  years. It is a task that should 
normally be completed about seven years before commercial operation of 
the plant. For the independent review, a total effort of at least 2000 man-
hours would normally be required.

The next task of design engineering can be divided into two: basic and 
detailed design. Basic design engineering can involve 300,000 to 500,000 
man-hours for a period of 6–12 months. The task of detailed design engi-
neering involves about 2,500,000 man-hours of effort during a period of 
some 3–5 years. For specifi cations work there should be at least 10–12 
engineers.

Adequate physical protection of the plant and nuclear material requires 
mainly administrative and security functions.

Procurement could also be handled directly by project management or 
by project engineering. A minimum number of professionals and techni-
cians would be required for a centralized independent procurement unit.

Main suppliers and equipment vendors

Main suppliers and equipment vendors that own the technology play a 
relevant role in the fi rst NPP project in transferring the technology 
know-how.

Equipment manufacturing is the largest block of man-hours in a nuclear 
project, approximately 20 million man-hours for a 1000 MWe plant. The 
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overall manpower requirements for the manufacture of equipment and 
components are estimated to be of the order of 3000 professionals, techni-
cians and craftsmen.

Construction companies

Depending on the diffi culties of the particular site, the tasks to be per-
formed for site preparation will require normally 50 to 150 craftsmen and 
labourers during this stage as well as 10 to 20 professionals and managers, 
who have previously performed similar duties. The number of craftsmen 
and labourers could increase by as much as a factor of fi ve for exceptionally 
diffi cult sites, taking into account that the above tasks should be completed 
as quickly as possible.

Usually the peak of concrete work occurs during the fi rst year of con-
struction and the peak for interior fi nish and masonry work is in the third 
year. The overall manpower requirements for civil construction will gener-
ally peak during the second and third year of construction after which they 
will gradually decline.

To coordinate, manage and expedite component installation requires an 
experienced team at the site of at least 25 professionals during the peak 
period.

For equipment, component and systems erection and installation, a peak 
workforce (about four years after construction starts or earlier with the 
advanced reactor construction) of the order of 1300 people would be 
required. Many of the welders must be qualifi ed for specialized cover-gas 
equipment. For diffi cult sites (climate, high rate of personnel turnover, low 
worker effi ciency) the overall quantity of manpower could be 20–50% 
higher, or it can easily double.

Plant operators

The major part of NPP commissioning covers a period of about 2–3 years 
from the fi nished erection of the fi rst systems (electrical energization) up 
to the start of the commercial operation of the station. About 40–50 profes-
sionals are usually assigned to perform the tasks for this activity. Major 
support will be provided by manufacturers with the participation of plant 
operation and maintenance personnel.

The overall manpower requirements for the stage of plant operation are 
not so much directed by the plant output capacity as by the policies regard-
ing the uses of external contractors. For guidance, the manpower require-
ments can be defi ned as an average of one worker for 1 megawatt electrical 
of gross capacity of the plant (680 MWe gross capacity would require 
approximately 680 workers). This average value of workers per MWe is not 
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linear and tends to be as low as 0.7 as the plant gross capacity increases, 
especially for multiunit stations.

Nuclear fuel cycle and waste management companies

The minimum essential activities which must be performed by a country 
itself are:

• Procurement of uranium, uranium conversion and enrichment and fuel 
fabrication, involving 4–6 persons.

• Fuel management at the power plant and disposal of spent fuel. It is 
usually the responsibility of the owner of the nuclear power plant to 
carry out these tasks.

• Waste management: without reprocessing, the back-end activities will 
possibly require 100–200 people.

If additional fuel cycle activities are taken up in the country, such as uranium 
exploration and production, or fuel element fabrication, specifi c organiza-
tions and the corresponding manpower will be required to carry out the 
tasks.

At the end of the plant life and for decommissioning purposes, including 
decontamination, dismantling, asset recovery, waste processing, storage and 
disposal, around 500–1000 staff will be necessary.

An example of the overall manpower requirements during the different 
stages of a nuclear power project is illustrated in Fig. 6.1 adapted from 
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IAEA (1980). The data do not include resources for equipment and com-
ponent manufacturing.

During the pre-project and early implementation phases, a relatively 
small number of highly qualifi ed professionals are needed. The require-
ments start to substantially increase when commitments are made (letter 
of intent, contract) to install the plant. The activities which have by far the 
largest manpower requirements are manufacturing and construction.

6.3 High-level nuclear education programmes

According to the remarks made by the Honourable Peter B. Lyons, 
Commissioner from the US Nuclear Regulatory Commission at the 2008 
International Congress on Advances in Nuclear Power (ICAPP’08), 
‘Creating, sustaining, and growing a population of educated, trained, and 
experienced personnel from which the nuclear industry need to recruit in 
order to accomplish their goals is a challenge among government, industry, 
and academia’.

It is widely recognized that national development in the nuclear industry 
requires a scientifi c and technological infrastructure. Such an infrastructure 
is mainly found in:

• National and private research and development (R&D) institutes
• Institutes and laboratories for standardization and calibration
• Higher education institutions
• Vocational schools for practitioners and professional training centres
• Scientifi c academies and professional associations
• National industry.

All these organizations create knowledge in one way or another but three 
of them are particularly important: R&D institutes, higher educational insti-
tutions and vocational schools.

6.3.1 National and private research and development 
(R&D) institutes

The development of a national academic programme for the education of 
the necessary scientists, engineers and other technicians to support techni-
cal research would also be expected to be in place as part of the commit-
ment to the development of the required national capabilities.

To build new nuclear knowledge it is particularly interesting to partici-
pate in R&D projects related to nuclear disciplines, such as nuclear fuel, 
nuclear materials, management of radioactive waste, nuclear safety or radia-
tion protection.

�� �� �� �� ��



160 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

Examples of international R&D platf orms are:

• The IAEA International Project on Innovative Nuclear Reactors and 
Fuel Cycles (INPRO), established in 2001

• The European Commission within the Seventh Framework Programme 
(2007–2013) for nuclear research and training activities

• The European Union Sustainable Nuclear Energy Technological 
Platform (SNTP)

• The ‘Global Nuclear Energy Partnership’ (GNEP), founded in 
September 2007

• Generation IV International Forum (GIF), since January 2000.

6.3.2 Higher education institutions

For a country with nuclear interests the development of a national nuclear 
education programme involving government agencies, laboratories and 
research facilities, helping to attract and develop initial experience and 
knowledge in nuclear technology, is highly recommended.

Nevertheless, and while the national academy system is mature enough 
and some nuclear programmes have been developed at the university level, 
it is possible to rely on other countries to offer and maintain these types of 
educational programmes.

What is, without any doubt, necessary from the beginning is to have a 
good general engineering (electrical, mechanical, control and process) and 
physics education infrastructure, producing high-quality graduates, who can 
then be trained in appropriate nuclear subjects, either within the industry, 
in cooperation with other training or academic providers, or even as part 
of the turnkey contract by the vendor.

6.3.3 Vocational schools for practitioners and professional 
training centres

A new nuclear programme needs thousands of skilled craftsmen, in addi-
tion to engineers, such as welders, boilermakers, iron workers, pipefi tters, 
construction labourers, millwrights, electricians, carpenters, insulators and 
heavy equipment operators. Hence the importance of vocational schools 
and apprenticeship programmes.

These specialists require specifi c training in quality assurance, safety and 
radiological protection, if they are to work in the nuclear fi eld. The worker 
is required to achieve nationally accepted standards of competence in order 
to satisfy the vocational training requirement. The worker’s competence is 
assessed while observing his or her performance in various standard tasks, 
by assessing knowledge and understanding (typically by using oral and 
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written questions), and by collecting other evidence about the worker’s 
competence.

Another approach is through apprenticeship programmes for young stu-
dents leaving secondary education who gain, during a certain period of time, 
real work experience and some complementary nuclear training. The 
emphasis throughout this training period is on exposing the apprentice to 
as many of the different facets of nuclear work as possible, while ensuring 
that the learning process is fully supervised with respect to safety. While set 
standards are required to be met in order for the apprentice to successfully 
achieve a formal apprenticeship qualifi cation, this can also be considered 
as human resources development, using this qualifi cation as the fi rst step in 
the process of building a successful career in the industry.

6.3.4 Strategies to enhance the education system

The IAEA (2009a) suggests that the existing national educational institu-
tions can enhance the support they provide for the development of human 
resources for the nuclear industry in different ways, such as by:

• Developing new, or realigning existing, nuclear engineering and science-
related degree curricula jointly with nuclear responsible organizations 
to ensure alignment with future needs.

• Establishing working ‘councils’ with academic, government and industry 
representation to oversee the development of nuclear sciences training 
and development programmes nationally.

• Developing partnerships with appropriate programmes in countries 
with mature nuclear power programmes, and then using these relation-
ships to develop new programmes or gain accreditation of existing 
programmes.

• Developing ‘fellowship’ programmes, whereby national undergraduates 
get the opportunity to pursue a portion of their study in a country with 
a well-developed nuclear power programme.

• Providing ‘work placement’  opportunities whereby students can work 
in the various organizations (operating organization, regulatory body or 
support organizations) for a period from a few weeks up to a year, to 
gain insight and experience in the organizations.

• Providing support funding for an appropriate ‘chair’ or Head of Faculty 
position (e.g. engineering, physics, nuclear sciences) at one of the better 
engineering universities.

• Funding relevant research, such as material studies, fatigue mechanisms 
or diagnostic techniques, among others; this will be of real benefi t to the 
nuclear industry while at the same time attracting and encouraging high-
quality academic staff.
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Additional recommendations selected from the Nuclear Energy Agency, 
NEA (2000) are:

• Create a pre-interest in the nuclear domain: include steps such as adver-
tisements aimed at undergraduate candidates; high school ‘open days’ 
at campuses or research facilities; regular reactor visits for students; 
newsletters, posters and web pages; summer programmes; preparation 
of a resource manual on nuclear energy for teachers; recruiting trips and 
nuclear introduction courses for freshmen; and conferences given by 
industry and research institutes.

• Add content to courses and activities in general engineering studies: 
increase emphasis on nuclear physics and applied physics courses; 
organize seminars on nuclear in parallel with the existing curriculum 
using speakers external to the university; discuss employment potential 
and professional activities and call attention to the environmental ben-
efi ts of nuclear power.

• Increase pre-professional contacts. Encourage the participation of stu-
dents in the activities of the local nuclear society and its ‘young genera-
tion’ network.

• Provide opportunities for high school students and undergraduates to 
work with faculty and other senior individuals in research situations.

Finally, a very useful strategy is to organize postgraduate nuclear courses 
(university specialization courses or Masters) in cooperation with the uni-
versity and the nuclear industry. This can get the best of both worlds: theory 
and academic rigour at the high scientifi c level from the university teachers, 
and the practical application to the industry from the company experts.

If there are not enough students and/or teachers in the country to organ-
ize an independent training programme, cooperation between different 
countries is encouraged, utilizing available international assistance, e.g. 
Appendix 3 on IAEA programmes gives information on IAEA training 
materials. The World Nuclear University or Regional Networks, described 
in Section 6.5, should also be considered.

6.3.5 Specialities needed in the nuclear renaissance

In order to analyse the technical manpower required in the development 
of a nuclear programme, it is convenient to divide it into three primary 
categories: professionals, technicians and craftsmen.

Professionals

This refers to all managerial and technical personnel whose normal 
minimum formal educational requirement is a Bachelor of Science (B.Sc.) 
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degree or equivalent from a recognized or accredited institution of higher 
learning (i.e. university or college).

Professionals are obviously the primary component of the manpower 
required to plan and supervise the implementation of, and assume respon-
sibility for, all activities within the nuclear power programme. They also 
require the longest lead times for their development.

Many activities that involve professionals need a relatively high number 
of mechanical and chemical engineers. This is to be expected in a technology 
involving power plants with large high-technology equipment requirements 
and a fuel cycle with complex chemical processes. The level of educational 
requirements of professional manpower for the main activities involved in 
a nuclear power programme requires different specialities, such as:

• Master of Science (M.Sc.) / B.Sc. in engineering with the following:
– Nuclear engineering
– Power plant engineering
– Mechanical engineering
– Electrical engineering
– Electronics engineering
– Chemical engineering
– Civil engineering

• M.Sc. / B.Sc. in metallurgy, physics and chemistry
• B.Sc. in geology, hydrology, meteorology, ecology, biology and seismol-

ogy and environmental sciences
• Computer programming technician
• Bachelor of Arts (B.A.) in economics and business administration
• Master of Arts (M.A.) in law
• M.A. in commerce
• Accountants
• B.A. in journalism.

Technicians

This refers to all sub-professional level personnel who have scientifi c and 
technical training at an appreciable level beyond the 12th grade but less 
than the minimum educational requirement of the professional level. 
Technicians are trained persons who are broadly knowledgeable in such 
disciplines as mechanical, chemical, electrical or electronic technology, or 
who have specialized knowledge and capability in specifi c fi elds such as 
radiation protection, instrumentation, materials testing, quality control and 
process control.

A typical distribution of the technician-level workforce for a nuclear 
power programme might be approximately as shown in Fig. 6.2.
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6.2 Technicians in a typical nuclear power programme

Craftsmen

This refers to those skilled workers who, by a combination of training and 
experience (usually through an apprenticeship), are well qualifi ed to 
perform specifi c types of tasks, operate specifi c classes of equipment or 
perform specifi c operations.

Craftsmen are mainly required for plant construction and for the manu-
facture of equipment and components. It should be noted that qualifi ed 
pipe fi tters and welders each represent approximately 15–20% of the total 
craftsmen workforce during the construction stages.

Examples of this type of worker would include boilermakers, carpenters, 
concrete workers, electricians, insulators, iron workers, millwrights, opera-
tors of heavy equipment, painters, pipe fi tters, sheet-metal workers and 
welders.

6.3.6 National initiatives in different countries

Some countries are carrying out national education initiatives to promote 
nuclear knowledge, such as the examples in the USA, the UK, Japan and 
France described below.

USA: NEUP (2009)

The US Department of Energy’s Offi ce of Nuclear Energy (DOE) created 
Nuclear Energy University Programs (NEUP) in 2009 to consolidate its 
university support under one programme. NEUP funds nuclear energy 
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research and equipment upgrades at US colleges and universities, and pro-
vides scholarships and fellowships to students. DOE personnel in Washington 
DC oversee the programme and the Idaho-based NEUP Integration Offi ce 
administers the awards. NEUP’s goals and objectives are to support out-
standing, cutting-edge and innovative research at US universities by:

• Attracting the brightest students to the nuclear profession and support-
ing the nation’s intellectual capital in nuclear engineering and relevant 
nuclear science, such as health physics, radiochemistry and applied 
nuclear physics

• Integrating research and development (R&D) at universities, national 
laboratories and industry to revitalize nuclear education

• Improving university and college infrastructures for conducting R&D 
and educating students

• Facilitating the transfer of knowledge from the aging nuclear workforce 
to the next generation of workers.

UK: NTEC (2008)

The Nuclear Technology Education Consortium (NTEC) is a consortium 
of 12 UK universities and other institutions providing postgraduate educa-
tion in nuclear science and technology.

The structure and content of the programme, which leads to qualifi ca-
tions up to Master’s level in nuclear science and technology, was established 
following extensive consultations with the UK nuclear sector, including 
industry, regulators and government departments among others.

All training modules are delivered by direct teaching but some have been 
converted into a distance learning format as an alternative method of deliv-
ery to provide greater choice for students. The fi rst modules in this format 
were launched in September 2008.

Modules are generally delivered on the campus of the providing institu-
tion. Students seeking a postgraduate qualifi cation register with the univer-
sity of their choice and visit other members of the consortium to attend 
their selected modules. The programme is coordinated by the Dalton 
Nuclear Institute at the University of Manchester.

Japan: GoNERI (2007)

The University of Tokyo Global COE Program: Nuclear Education and 
Research Initiative (GoNERI) carries out research and education activities 
in three areas: nuclear energy, radiation applications and the social aspects 
of nuclear engineering.

Among GoNERI’s activities are the advanced summer school in radia-
tion detection and measurements in cooperation with the University of 
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Berkeley (USA), the international summer school of nuclear power plants 
and young generation workshop, and the study on the international nuclear 
fuel cycle framework from a nuclear non-proliferation viewpoint.

France: CFEN (2008)

In 2008, the French Minister for Higher Education and Research created a 
co-ordination committee for nuclear education and training in order to 
ensure the expansion of the French nuclear energy sector through the 
renewal of its workforce. This committee, recently renamed the ‘French 
Council for Education and Training in Nuclear Energy’ (CFEN), assesses 
the adequacy between the education offer, the student population in differ-
ent curricula and the industrial/research needs, advises the Offi ce of Higher 
Education on opening new academic curricula, informs students of various 
educational curricula and possible professional careers and opportunities 
in nuclear power technology, coordinates the international recruitment of 
students, and promotes international curricula such as the new International 
Master of Science in Nuclear Energy starting in Paris in 2009.

The members of the CFEN include representatives of government 
authorities in education, research and industry, of academic institutions 
(universities and engineering schools), of the chief industrial actors 
(AREVA, EDF, GDF-SUEZ, ANDRA, and subcontractors), and of the 
main nuclear R&D public institutions: CEA and IRSN.

More than 20 chief universities and engineering schools, distributed all 
over the country though with many located in the Paris area, provide 
nuclear engineering-related education programmes. CEA/INSTN (Institut 
National des Sciences et Techniques Nucléaires) also plays an important 
role in this fi eld through its establishments located in Saclay, Cherbourg 
and Cadarache.

6.4 Changing specialization requirements 

in the nuclear power plant lifecycle

A viable nuclear knowledge culture needs constant attention throughout 
the different stages of the nuclear lifecycle, which implies nuclear knowl-
edge management.

Adequate numbers of competent and motivated personnel must be avail-
able during any phase of a nuclear programme. From the regulatory per-
spective, the licensing requirements defi ne that the licensee needs to be able 
to demonstrate that adequate numbers of competent personnel are avail-
able, until the facility is fi nally removed from regulatory control.

The knowledge and skills necessary to purchase, construct, license, 
operate, maintain and comply with regulations of a nuclear power plant are 

�� �� �� �� ��



 The need for human resources in nuclear power programmes 167

© Woodhead Publishing Limited, 2012

spread across most scientifi c and engineering disciplines. Specifi c considera-
tions for the nuclear industry include:

• Additional knowledge and appreciation of the increased attention to 
detail in order to ensure operational safety, security and radiation pro-
tection are vital and require a heightened attention to the quality of 
major systems and equipment.

• Expertise in nuclear physics and nuclear materials science for reactor 
operation and fuel cycle management.

• Finally, along with the technical skills, there must be a strong commit-
ment to safety culture, which instils personal responsibility for the safety 
of all individuals involved in the programme.

6.4.1 The importance of knowledge management: 
key considerations

Lifespans of nuclear power plants signifi cantly exceed the working life of 
a single generation of plant staff. This presents the challenge of retaining 
knowledge and operating experience as the workforce ages and new gen-
erations of personnel are hired. This area, termed ‘knowledge management’, 
is particularly important in establishing both information databases and the 
transfer of knowledge and experience to new personnel.

Key considerations related to knowledge management are:

• Selection, copying, and reclassifi cation of documents from one step 
applicable to the next, such as licensing documents, construction details, 
operating experience and design modifi cations

• Retention of personnel with knowledge of especially important aspects 
applicable to the next step. Technicians involved in commissioning for 
the operation and maintenance of the plant, or operators or key main-
tenance technicians for decommissioning

• Programme for the transfer of know-how to other workers, through 
on-the-job training, mentoring and other techniques to complement the 
formal training.

The subject of knowledge management is treated in more detail in IAEA 
(2004).

6.4.2 Specialization requirements in different stages 
of the NPP lifecycle

Analysis of the specialization requirements will be divided into different 
phases according to the important activities to be accomplished in the 
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nuclear programme from the preparation phase until the commissioning 
and the initial commercial operation.

Engineering and procurement

To be prepared to issue a bid request for the fi rst nuclear power plant, the 
staff need to be in place with a basic knowledge of the specifi c technologies 
chosen to prepare the bid specifi cation and to establish the evaluation cri-
teria. Staff should be available to evaluate and select a winning candidate 
from a technical, management, business and economic perspective.

Although operators and maintenance technicians do not have to be in 
place for the moment, some knowledge of operational and maintenance 
requirements needs to exist within the team. Initial education and training 
for the remaining resources to fully support plant operation should begin 
at this time.

The IAEA (2007b) identify the specifi c human resource needs at this 
stage including:

• Business and technical expertise for site qualifi cation and preparation 
of the construction permit request

• Political and social expertise for public communication
• Technical and regulatory expertise to develop and implement regula-

tions, codes and standards for plant licensing, site approval, operator 
licensing, radiation protection, safeguards, physical protection, emer-
gency planning, waste management and decommissioning

• Business and technical expertise for fuel cycle procurement and 
management

• Expertise to conduct training programmes for construction and project 
management

• Plans to fully staff and train the regulatory body for operational 
oversight

• Plans to fully staff and train operating, maintenance and support 
organizations

• Plans to develop future expertise in all relevant areas, including any 
needed enhancements to the national educational institutions.

Professionals during design periods are needed primarily for project 
management and engineering. In addition, manpower is required to perform 
the supporting activities: NPP project planning and coordination, regulatory 
and licensing activities and fuel cycle activities, among others.

The conceptual design task will involve experienced engineers and tech-
nicians. At the end of the conceptual design task all major characteristics 
of the plant should be defi ned. The results take the form of systems descrip-
tions, conceptual drawings, data compilation and preliminary licensing 
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information. These results should be subjected to an independent review 
by experienced engineers who are senior professionals not previously 
involved in the conceptual design development. Consultants who have pre-
vious experience on other similar projects may also be utilized.

For basic and detailed design a high level of engineering practice is 
required. The preparation and review of equipment and component speci-
fi cations constitute an important part of the detailed engineering task. The 
result of the design work will ultimately be passed on to sub-contractors in 
the form of equipment and plant specifi cations and drawings. The produc-
tion of these documents is a major effort involving not only the design 
engineers but also other technical personnel knowledgeable in the areas of 
manufacturing, materials, engineering, licensing and quality assurance. For 
specifi cations work, in particular, there should be engineers with prior expe-
rience of writing specifi cations to lead the task of specifi cations 
development.

Table 6.3 summarizes the specialization requirements during the engi-
neering and procurement stages.

Construction and commissioning

Site preparation will require craftsmen and labourers, as well as profession-
als and managers, who have previously performed similar duties. Most of 
the staff during plant construction (about 85%) will be technicians and 
craftsmen. In the nuclear power industry, the requirements for unskilled 
labour are very low (of the order of 10%) although in some countries their 
proportion may be considerably higher, mainly owing to local labour prac-
tices and employment policies. The construction, erection and installation 
of plant buildings will require one or more qualifi ed civil engineering and 
construction fi rms with skilled and experienced workers.

For the manufacture of equipment and components there will be needed 
mechanical and electrical technicians, foremen and craftsmen, labour and 
administration.

To coordinate, manage and expedite component installation requires an 
experienced team. For equipment, component and systems erection and 
installation most of the required workforce will be technicians and crafts-
men. Many of the welders must be qualifi ed for specialized cover-gas equip-
ment. At least 30% of the mechanical technicians and 10% of the electricians 
should have knowledge and familiarity with relevant codes, standards and 
criteria.

Core components erection is of a special nature and requires precision 
tolerances and aligning to close accuracies. Qualifi cation of procedures by 
mock-ups and qualifi cation of personnel are important. This stage of the 
construction provides the best possible opportunity to complement the 
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Table 6.3 Specialization requirements during engineering and procurement

Tasks and activities during 
the different stages of the 
NPP lifecycle

Requirements of education

Pre-project activities:
• Power system planning B.Sc. in engineering, preferably electric 

power; economics (B.A.) and computer 
programming technicians

• Feasibility studies B.Sc. in engineering; Economics and Law 
degrees

• Site survey and 
qualifi cation

B.Sc. or B.A. in engineering, geology, 
hydrology, meteorology, ecology, biology 
and seismology

• Project management, 
supervision, quality 
assurance, safety and 
licensing

M.Sc. or B.Sc. in engineering (nuclear, 
mechanical, electrical and electronics), 
metallurgist, physicist and chemistry, 
draftsmen

• Administration and public 
relations

B.A. in economics and business 
administration, accountants and B.A. in 
journalism

Project engineering:
• Project engineering 

management and 
supervision

M.Sc. or B.Sc. in engineering (nuclear, 
mechanical, electrical, electronics and 
chemical)

• Nuclear engineering M.Sc. or B.Sc. in engineering (nuclear, 
mechanical or chemical), metallurgist, 
physicist

• Civil engineering B.Sc. in civil engineering
• Mechanical engineering B.Sc. in mechanical engineering, draftsmen 

and mechanical design
• Electrical engineering B.Sc. in electrical engineering, draftsmen 

and electricians
• Instrumentation and 

control engineering
B.Sc. in engineering (electronics, electrical 

or computer)

Procurement :
• Procurement management M.Sc. in engineering or M.A. in commerce, 

law or business administration
• Markets and coordination M.Sc. in engineering (mechanical, electrical 

or nuclear), B.Sc. in engineering or B.A. in 
commerce

• Bidding and contracting M.Sc. in engineering or M.A. in commerce, 
law and commercial technicians

• Monitoring and expediting B.Sc. in engineering or B.A. in commerce

Quality assurance and 
quality control

M.Sc. and B.Sc. in engineering and 
technicians (mechanical, electrical and 
electronics)

Adapted with permission from IAEA (1980), Table 1.12-1 to Table 1.12-10 
Manpower Requirements and Technical Qualifi cations, on pp. 133–184 of the 
Technical Reports Series No. 200, Manpower Development for Nuclear Power: A 
Guidebook, IAEA, Vienna.
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training of the future plant maintenance personnel, who should actively 
participate in the erection and installation effort and would thus gain 
further experience. In addition, the contractors and subcontractors and 
their skilled personnel would provide a very valuable manpower source for 
future plant maintenance and, in particular, for major overhauls, repairs or 
modifi cations.

During commissioning the specifi c human resource requirements accord-
ing to the IAEA (2007b) include:

• A fully staffed nuclear power plant operation, maintenance and techni-
cal support organization

• A fully staffed regulatory body with specifi c expertise in operating plant 
oversight

• Succession and personnel development planning to sustain the compe-
tence of all areas of the national nuclear programme

• Enhanced educational opportunities for nuclear science and 
technology

• Enhanced training programmes for the development of operators and 
technicians.

Major support during commissioning is to be provided by engineers and 
technicians from the equipment manufacturers. In addition, the plant oper-
ation and maintenance personnel participate actively in the commissioning 
of the plant; such participation is in fact considered to be the last essential 
part of their training. It is necessary to emphasize that during commission-
ing the responsibility will be transferred from the construction team to the 
operating organization.

Plant operation

The operating organization responsible for an NPP has a staff that collec-
tively has a variety of scientifi c, engineering and other technical back-
grounds in fi elds needed to effectively and safely operate and maintain the 
plant. These include nuclear engineering, instrumentation and control, elec-
trical engineering, mechanical engineering, radiation protection, chemistry, 
emergency preparedness, and safety analysis and assessment. There is a 
need to have access to national or international expertise to support the 
NPP operating organization and regulatory body in scientifi c areas such as 
neutronics, physics and thermohydraulics and in technical areas such as 
radiation protection, radioactive waste management, quality management, 
maintenance and spare parts management.

In addition to the required scientifi c, engineering and other technical 
education, normally the relevant staff need three or more years of special-
ized training and experience prior to the initial fuel loading of an NPP. For 
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implementation of a fi rst NPP project, much of this specialized training and 
experience can be included as part of the contract with the supplier of the 
NPP technology. It is necessary for the operating organization to establish 
the rigour, culture, ethics and discipline needed to effectively manage 
nuclear power technology with due regard to the associated safety, security 
and non-proliferation considerations (IAEA, 2007c).

Table 6.4 includes the specialization requirements during the stages of 
construction, commissioning and plant operation.

Decommissioning

The activities undertaken during decommissioning, following any routine 
programmes of defuelling or facility system fl ushing, generally comprise a 
formal sequence of non-routine tasks. To ensure that these tasks are com-
pleted with respect to safety, programme, quality and cost considerations, it 
is important to identify the change of emphasis in the training requirements 
as the transition from operations to decommissioning occurs.

The risk of losing knowledge, both explicit and tacit, increases with the 
time passed. The problem is compounded by the fact that efforts to identify 
the information requirements for decommissioning are not usually an 
organized and consolidated activity and may not be appreciated by organi-
zations operating the nuclear facility. For these reasons, it is important to 

Table 6.4 Specialization requirements during construction, commissioning and 
plant operation

Tasks and activities during the 
different stages of the NPP 
lifecycle

Requirements of education

Construction:
• Plant construction 

management
M.Sc. in engineering (civil or mechanical)

• Plant construction 
supervision

B.Sc. in engineering (mechanical, electrical, 
electronics, civil)

• Commercial and 
administration supervision

B.Sc./B.A. in business administration, 
accounting

• Construction, erection, 
installation of buildings, 
structures, equipment and 
components

B.Sc. in engineering (mechanical, electrical, 
electronics, civil) and technicians 
(mechanical, electrical, instrumentation, 
civil construction, accountants, draftsmen, 
computer) and craftsmen (boilermakers, 
carpenters, concrete workers, electricians, 
insulators, iron workers, millwrights, 
operators of heavy equipment, painters, 
pipe fi tters, sheet-metal workers, welders)
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Tasks and activities during the 
different stages of the NPP 
lifecycle

Requirements of education

Commissioning:
• Commissioning 

management
M.Sc. in engineering, preferably mechanical

• Commissioning supervision B.Sc. in engineering (mechanical, electrical, 
nuclear, chemical)

• Commissioning tasks such 
as development of 
procedures, performance of 
tests, preparation of reports; 
adjustments, modifi cations

B.Sc. in engineering (mainly mechanical, 
electrical, nuclear, also electronics, 
chemical, civil); physicist; chemist; 
metallurgist and technicians and 
craftsmen in specifi c fi eld of activities

Plant operation and 
maintenance:

• Plant, operation, safety and 
training management

M.Sc. in engineering

• Shift supervision B.Sc. in engineering, preferably electrical or 
mechanical

• Control room operation Technicians (might be B.Sc. in engineering), 
electrical or mechanical

• Field operation Technicians (electrical, mechanical)
• Maintenance management B.Sc. in engineering (preferably mechanical)
• Maintenance engineering B.Sc. in engineering
• Performance of 

maintenance
Mechanical, electrical and instrumentation 

and control technicians and mechanical 
crafts, electricians, electronics and civil 
crafts

• Nuclear safety engineering M.Sc. in engineering
• Industrial safety engineering B.Sc. in engineering
• Radiation protection 

management
M.Sc. in engineering or physicist

• Radiation protection 
monitoring

Technicians

• Training B.Sc. in engineering, physicists, chemist 
and technicians (mechanical, electrical, 
radiological protection)

• Technical supporting 
services

B.Sc. or M.Sc. in engineering (nuclear, 
mechanical, electrical, electronics, 
chemical); physicists, chemists and 
technicians (mechanical, electrical, 
electronics, chemical, computer, 
draftsmen)

• Quality assurance B.Sc. in engineering (preferably mechanical) 
and technicians (mechanical, electrical, 
civil, welding)

Adapted with permission from IAEA (1980), Table 1.12-1 to Table 1.12-10 
Manpower Requirements and Technical Qualifi cations, on pp. 133–184 of the 
Technical Reports Series No. 200, Manpower Development for Nuclear Power: A 
Guidebook, IAEA, Vienna.

Table 6.4 Continued
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consider decommissioning as a phase in the lifecycle of a nuclear facility 
and to preserve during operation the records and information that might 
be useful after shutdown.

Training has an important role during the transition to decommissioning, 
when the detailed design of the decommissioning project and its organiza-
tion are being developed. Training can be an effective tool to transmit 
information stored during the operation of the facility to the decommis-
sioning organization and its personnel. In the same way, training is also 
essential during the planning and performance of specifi c decommissioning 
tasks, particularly during the detailed planning of each work package, 
which usually relies on a sound knowledge of the confi guration and the 
operational history of the systems to be dismantled. Thus, in this phase, 
the training of work supervisors, health physics personnel, ALARA 
technicians and industrial safety personnel, and other personnel, can be 
accomplished.

According to IAEA (2008b), typical subject matter for generic safety and 
other training is as follows:

• General employee training in radiation safety, industrial safety, fi re 
safety and emergency planning

• Radiation worker safety training
• Respirator (full-face, half-face, self-contained breathing apparatus) 

training
• Airline suit training
• Electrical safety training
• Confi ned space training
• Crane, hoisting, and rigging training
• Lockout and tagout training (safe system of work)
• Fire watch training
• Forklift safety training
• Human performance awareness fundamentals training
• Peer and self-checking
• Project reviews and pre-job briefi ngs
• Use of power tools
• Manual handling
• Basic fi rst aid
• Working at height
• Chemical/hazardous material handling.

Finally, contractors are used more in the ‘worker’ group to provide spe-
cialist support and to satisfy peak labour demands. The training for contrac-
tors is no less onerous than that for the client organization workers, and in 
many cases may be greater due to the non-familiarity of the contractor 
worker with the working environment.
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In accordance with the tasks to be performed during decommissioning, 
different positions could be found such as operators, technicians (radiologi-
cal protection technicians and chemistry technicians), maintenance person-
nel (electrical, mechanical and instrumentation and control technicians), 
craft personnel (welders, pipefi tters, carpenters) and supervisors of the 
above categories, with an academic profi le similar to those described in the 
preceding paragraphs.

6.5 International experience

At the beginning of the twenty-fi rst century, when the nuclear generational 
change started, many international organizations declared their concerns 
regarding the lack of enough candidates to substitute for the retiring 
workforce, due to declining interest among students in nuclear matters. This 
situation would threaten the preservation of nuclear knowledge in the 
world.

In the report Nuclear education and training: Cause for concern? (NEA, 
2000) the Nuclear Energy Agency alerted the national authorities respon-
sible for education and nuclear safety and encouraged them to take urgent 
actions on the following recommendations:

• The strategic role of governments
• The challenges of revitalizing nuclear education by universities
• Vigorous research and maintaining high-quality training
• The benefi ts of collaboration and sharing best practices.

6.5.1 Benefi ts of international collaboration

In the above-mentioned report, the NEA suggested that the industry, 
research institutes and universities need to work together to coordinate 
efforts better to encourage the younger generation, as well as to develop 
and promote a programme of collaboration in nuclear education and train-
ing, and to provide a mechanism for sharing best practices in promoting 
nuclear courses between member countries.

International collaboration would bring benefi ts, such as:

• Sharing costs among different countries, since development of training 
systems may be too expensive for one nation

• To counter a withering pool of training resources and knowledge
• To harmonize training standards at an international level
• To push initiatives for international skills retention, as well as to attract 

the next generation of scientists and engineers
• To demonstrate a united global position on future nuclear technology.
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Taking into consideration the recommendations from the NEA and being 
aware of the benefi ts, some common education and training efforts at inter-
national level have already started.

Before discussing those international initiatives, it is necessary to intro-
duce one of the most important references in training: the Institute of 
Nuclear Power Operation (INPO).

6.5.2 Institute of Nuclear Power Operation (INPO)

Established by the nuclear power industry in December 1979, following the 
recommendations made by the Kemeny Commission (set up by President 
Jimmy Carter to investigate the accident at the Three Mile Island nuclear 
power plant), the Institute of Nuclear Power Operation is a not-for-profi t 
organization headquartered in Atlanta, Georgia, USA. The mission at the 
INPO is to promote the highest levels of safety and reliability – to promote 
excellence – in the operation of nuclear electric generating plants. This 
mission is accomplished through the programmes of plant evaluations, 
training and accreditation, events analysis and information exchange and 
missions of technical assistance.

In 1985 was founded the National Academy for Nuclear Training (NANT), 
which provides training and support for nuclear power professionals. NANT 
evaluates individual plant and utility training programmes to identify 
strengths and weaknesses and recommend improvements. Selected opera-
tor and technical training programmes are accredited through the inde-
pendent National Nuclear Accrediting Board.

INPO offers, through its International Program, technical assistance to 
its members and access to its website including important references and 
very detailed descriptions of specifi c training programmes for different job 
positions.

6.5.3 Common education and training efforts 
at international level

It is strongly recommended for those countries starting nuclear programmes 
to join some of the following international associations and initiatives.

International atomic energy agency (IAEA)

The International Atomic Energy Agency (IAEA) is one of the interna-
tional organizations that can support training for capacity building through 
the following strategies:

• Support for in-house training and sustainability through the ‘Train the 
Trainer’ approach
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• Promotion of networking based on Asian Nuclear Safety Network 
experience

• Promotion of workshops and conferences.

IAEA general training tools for capacity building are multimedia train-
ing courses, web-based knowledge sharing, tailored training sessions and 
workshops, the Centre for Advanced Safety Assessment Training and the 
promotion of bilateral and multilateral exchanges of trainees.

In 1994 was constituted the Technical Working Group on Training and 
Qualifi cation (now known as ‘Managing Human Resources in the Field of 
Nuclear Energy’, TWG-MHR). This international group, with the participa-
tion of all the countries with nuclear interests, meets every two years at the 
IAEA’s Vienna headquarters. This biennial meeting is a valuable opportu-
nity, as it is the only such worldwide gathering on this topic. Its objectives 
are:

 1. To exchange information on status and trends concerning NPP person-
nel training and qualifi cation in Member States.

 2. To recommend future IAEA activities related to NPP personnel train-
ing and qualifi cation.

 3. To review the Agency’s activities in the subject areas performed in the 
past two years and provide recommendations to implement the IAEA 
programme in the next two years.

EURATOM FP-7 research and training: the need to maintain nuclear 
competence, EURATOM (2007)

FP7 is the short name for the Seventh Framework Programme for Research 
and Technological Development. This is the EU’s main instrument for 
funding research in Europe and it will run from 2007 to 2013. FP7 is also 
designed to respond to Europe’s employment needs, competitiveness and 
quality of life.

The framework programme for nuclear research and training activities 
will comprise Community research, technological development, interna-
tional cooperation, dissemination of technical information and exploitation 
activities as well as training.

Sustainable Nuclear Energy Technological Platform, SNETP (2007)

The SNETP was offi cially launched in 2007. Today, SNETP gathers about 
70 European stakeholders from industry, research and academia, technical 
safety organizations, non-governmental organizations and national repre-
sentatives. SNETP aims to support fully through R&D programmes the 
role of nuclear energy in Europe’s energy mix, and its contributions to the 
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security and competitiveness of energy supply, as well as to the reduction 
of greenhouse gas emissions. To achieve this objective, SNETP has elabo-
rated a Strategic Research Agenda (SRA) that identifi es and prioritizes the 
research topics.

SNETP has set up a specifi c Working Group dedicated to Education, 
Training and Knowledge Management (ETKM) issues, with the support 
provided by the European Nuclear Education Network (ENEN) Association. 
This workforce will in part also provide qualifi ed staff to Europe’s nuclear 
industrial sector to accompany the development of the sector in the next 
decades.

World Nuclear University, WNU (2003)

To help point the way towards a globalizing nuclear profession, the World 
Nuclear Association has worked with the IAEA, WANO and the NEA to 
create the new World Nuclear University. The WNU is a partnership in 
which these four global organizations cooperate together, and with leading 
institutions of nuclear learning, in activities to enhance nuclear education 
and leadership for the twenty-fi rst century. The WNU partnership is sup-
ported by a small multinational secretariat in London composed of nuclear 
professionals seconded by key governments and nuclear enterprises.

The fl agship of the partnership is the WNU Summer Institute, an annual 
six-week event designed to educate and inspire an international group of 
young nuclear professionals who show promise as future leaders in the 
world of nuclear science and technology.

European Nuclear Energy Forum, ENEF (2007)

The ENEF is a unique platform for a broad discussion on transparency 
issues as well as the opportunities and risks of nuclear energy. Founded in 
2007, ENEF gathers all relevant stakeholders in the nuclear fi eld: govern-
ments of the 27 EU Member States, European institutions including the 
European Parliament and the European Economic and Social Committee, 
nuclear industry, electricity consumers and the civil society.

Within ENEF there exists a Working Group concerning education and 
training in the Permanent European Human Resources Observatory.

6.5.4 Networks of Excellence in Education and Training, 
NEE&T (2010)

Other initiatives to promote the renewal of competencies are on-going in 
different fi elds: nuclear safety courses organized by the Network of 
Excellence for Severe Accident Research (SARNET), winter and summer 
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schools in the fi eld of actinide science organized by the ACTINET Network 
of Excellence, the Frédéric Joliot and Otto Hahn Summer School on Nuclear 
Reactors, and the Latin American Network for Education and Training in 
Nuclear Technology (LANENT), currently in the process of creation, are 
examples of such initiatives.

Especially active are the European Nuclear Engineering Network 
(ENEN) and the Asian Network for Education in Nuclear Technology 
(ANENT).

European Nuclear Engineering Network, ENEN (NEE&T, 2010)

The ENEN association, currently comprising 41 members, plays a major 
role in shaping Europe’s education system. ENEN facilitates exchanges and 
cooperation within academic institutions and strengthens their interactions 
with research centres. It delivers the certifi cate of European Master of 
Science in Nuclear Engineering (EMSNE). It further develops, promotes 
and supports ENEN exchange courses in nuclear disciplines including 
reactor safety, waste management and radioprotection. It facilitates and 
coordinates the participation of universities in European research projects.

To the benefi t of the end users, ENEN preserves nuclear knowledge and 
improves access to expertise by developing and establishing databases, 
websites and distance learning tools. It has a role as an interface between 
academia and industry, to defi ne, disseminate and support interesting 
projects and research topics for internships, masters’ theses and PhDs. by 
developing a framework for mutual recognition of professional training, 
licensing and professional recruitment throughout the European Union, 
ENEN is creating a nuclear ‘European Education and Training Area’.

Asian Network for Education in Nuclear Technology, ANENT 
(NEE&T, 2010)

ANENT is set up to promote, manage and preserve nuclear knowledge and 
to ensure the continued availability of talented and qualifi ed human 
resources in the nuclear fi eld in the Asian region and to enhance the quality 
of the resources for the sustainability of nuclear technology.

The objective of ANENT is to facilitate cooperation in education, related 
research and training in nuclear technology in the Asian region through:

• Sharing of information and materials on nuclear education and 
training

• Exchange of students, teachers and researchers
• Establishment of reference curricula and facilitating mutual recognition 

of degrees
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• Serving as a facilitator for communication between ANENT member 
organizations and other regional and global networks.

The essential functions of ANENT are to integrate available resources for 
education and training in synergy with existing IAEA and other mecha-
nisms, to create public awareness about the benefi ts of nuclear technology 
and its applications, to attract talented youth in view of alternative compet-
ing career options, to encourage senior nuclear professionals to share their 
experience and knowledge with the young generation, and to use informa-
tion technology, in particular web-based education and training, to the 
maximum possible extent.

6.6 Initial and sustained training programmes

The strategy to develop and implement a comprehensive training system 
should be established at an early stage (around eight years before the fi rst 
fuel loading) of a new nuclear programme. This strategy will take as an 
input the necessity of human resources according to the staff planning 
(number of professionals and technicians needed to incorporate each year).

The fi rst step in this strategy will be to analyse and identify the training 
needs; it will be very useful to organize different groups within the organiza-
tion which will need a common initial training programme, for instance 
managers, engineers and instructors. These strategic groups will play an 
important role in the future nuclear project. These initial training pro-
grammes are usually organized from the most generic (nuclear ‘indoctrina-
tion’ courses) to the most specifi c according to the different training needs. 
The strategy to implement the training system will constitute an important 
section of the documentation usually submitted during the licensing process.

The training system, including the training organization and infrastruc-
ture, must be fully completed and ready for implementation at least three 
years before the fuel loading in order to train the operation and mainte-
nance plant staff. Meanwhile some initial training can be delivered using 
external expertise support if there is no national training organization avail-
able. External support can be provided by the vendor (within the supply 
contract), international training organizations or training centres.

6.6.1 Systematic Approach to Training (SAT)

According to international standards, the initial and on-going training pro-
grammes for the personnel involved in the operation of the nuclear facility 
must be designed and implemented following a Systematic Approach to 
Training (SAT) methodology. Establishing SAT at an early stage in the 
project will help to ensure that an effective training system is set up within 
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the project and that those areas where training services and support can be 
appropriately outsourced to vendors and/or national education and training 
organizations are correctly specifi ed.

A training programme must have been developed according to the fol-
lowing phases, if it is to fi t within the SAT concept:

• Analysis
• Design
• Development
• Implementation
• Evaluation.

For all jobs that have a potential impact on the safe and reliable operation 
of nuclear facilities, the training needs associated with both technical com-
petence and soft skills should be considered and analysed as part of the 
SAT process.

An important activity of the SAT analysis phase is job analysis. Job analy-
sis is a method used to obtain a detailed listing of the duties and tasks of a 
specifi c job. The results of job analysis are an important input to the SAT 
design phase. Job analysis results are also important for other HR-related 
purposes, such as recruitment and selection, HR planning, training, qualifi -
cation and authorization, employee development, succession planning and 
career development.

Once a training programme is running, new information or events can 
trigger training needs analysis, for example changes in regulatory require-
ments, plant modifi cations, new procedures, feedback from job incumbents, 
supervisors, trainees or instructors, operating experience, and weaknesses 
in training processes or performance defi ciencies, amongst others.

The most important outcome of the design phase is the training objec-
tives. Clear training objectives which are measurable and based on job 
requirements constitute the basis for designing training programmes, devel-
oping training materials and performing post-training assessments of 
competencies.

During this phase the different training settings (classroom, simulator, 
workshop, laboratory, plant for on-the-job training) and training tools, suit-
able for achieving the training objectives, should be identifi ed. Training 
tools that are particularly important in the nuclear industry include simula-
tors, equipment for workshops and laboratories, mock-ups, computer-based 
and web-based training systems, e-learning platforms, and video and audio 
training aids.

Finally, the standards and associated assessment methods are determined 
during the design phase.

The outcomes from the development phase are the suitable training 
materials which support the training tools, such as lesson plans, student 
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handouts, simulator scenarios, workshop and laboratory practices and 
on-the-job training guides. Particularly important activities within the 
development phase are the training of instructors and validating training 
materials during a pilot course to ensure the required quality of training 
delivery.

It is during the implementation phase when training is conducted in the 
different training settings. If the analysis phase has been well done, only 
relevant training will be delivered. The implementation phase also includes 
an assessment of whether students have achieved the standards identifi ed 
in the training objectives. The assessment of competencies should lead to a 
formal process of qualifi cation and authorization of personnel to work in 
an effi cient and safe manner without direct supervision.

Training evaluation is one of the most important phases to guarantee the 
effectiveness of training programmes and improve performance. According 
to Kirkpatrick (2011) four levels of evaluation can be used to determine 
the impact of training:

• Level 1: Participants’ reactions to the training
• Level 2: Participants’ achievement of training objectives
• Level 3: Transfer of competencies acquired through training to job per-

formance or behaviour
• Level 4: Impact of training on organizational performance.

The conclusions from the evaluation are used as feedback for the rest of 
the SAT phases for training improvement.

6.6.2 Training system elements

A comprehensive training system should include full and accurate descrip-
tions of the following elements.

Training regulatory requirements

It is necessary to identify the national and international standards for train-
ing that are applicable and the training ‘certifi cation’ model according to 
the training regulatory requirements. It is essential to decide the roles 
played by the plant management, the training organization, the regulator 
or, if appropriate, an external independent organization in the ‘certifi cation’, 
‘accreditation’ or any other concept that will assure the quality of the train-
ing programmes.

A good example of an external certifi cation model is the training accredi-
tation process conducted by the National Academy for Nuclear Training of 
INPO.
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Training organization, management and staffi ng

An important consideration when organizing a training system is to clearly 
defi ne the role of the line managers, as they are the owners of the training 
programme of their people, the role of the training manager, as the training 
consultant and administrator, and the responsibilities for training and quali-
fi cation of the line managers, training managers and plant personnel.

The training organization should be designed so as to include the func-
tions and responsibilities of instructors and other training staff and the 
description of the training committees (expected attendees, meeting fre-
quency and proposed agenda). The training organization manual has to 
include a detailed description of the administration of training and qualifi -
cation activities. Finally, it is recommended to identify some indicators of 
training effectiveness.

Training quality plan and procedures

The training process needs to be well documented following international 
training quality standards. It will be necessary, therefore, to develop a 
minimum set of training procedures relating to:

• Training needs analysis
• Training programme design
• Training material development
• Exam development
• Delivering training sessions
• Trainee performance evaluation
• Instructor training and qualifi cation
• Training system effectiveness evaluation.

Training programmes and materials

The development of the training materials (instructor guidelines, student 
handouts or training aids) is one of the activities that require most time and 
resources.

Training programmes include proposed long-range training schedules for 
each programme and a description of how these training schedules will be 
updated and maintained.

The documentation needed for plant operation and maintenance and 
design updating needs to be included in the vendor’s scope of supply. This 
documentation should be structured in such a way as to facilitate effective 
knowledge transfer to be included in training materials.
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Instructors

It is very important to defi ne the recruitment sources, selection criteria and 
training programmes for instructors and subject matter experts. Usually 
instructors need to demonstrate profi ciency and experience in the fi eld they 
are going to teach and to be trained on a specifi c training programme for 
trainers, in order to acquire the pedagogical skills needed to be able to put 
into practice the training quality assurance programme.

At this stage it is necessary to have:

• The instructor training programme description for initial and continuing 
training

• The initial and continuing training requirements for on-the-job trainer 
and task performance evaluator qualifi cation (or the references to the 
procedure requirements)

• The process for maintaining instructors’ technical knowledge and 
profi ciency

• Guidelines for the observations of instructor performance.

Training facilities, training tools and simulators

Finally, it is necessary to design the facilities and equipment at the training 
centre. The description of the training resources will include buildings, class-
rooms, laboratories, simulators, mock-ups and other training delivery set-
tings and equipment.

Among the training tools the simulator deserves special attention. 
According to IAEA (2009b) a key lesson learned regarding commissioning 
of a nuclear facility is the importance of having a plant-referenced, full-
scope control room simulator available well in advance of nuclear facility 
operation. This simulator not only provides a unique tool for training 
nuclear facility control room personnel, but also is important for tasks such 
as normal, abnormal and emergency operating procedure development and 
validation, development and validation of commissioning tests, validation 
of digital control systems, and training of other plant personnel.

For many new nuclear facility projects, a full-scope simulator is provided 
as part of supplying the nuclear facility package. Integrating the simulator 
development and training schedule with the overall commissioning sched-
ule is very important. According to the US Nuclear Regulatory Commission, 
the simulator should be ready for training three years before the fuel load.

Important considerations regarding simulator information are a simula-
tor confi guration control process description; a plan for acquiring, validat-
ing and using a plant reference simulator (or if a plant reference simulator 
is not yet available, a description of how and when a part-scope or non-
plant-referenced simulator will be used during the training and how and 
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when that simulator will become plant-reference); a list of unresolved simu-
lator defi ciencies and recent simulator fi delity data; and simulator perfor-
mance indicators or process description.

6.6.3 Training for human performance improvement

Appropriate attitudes on the part of nuclear facility personnel have to be 
ensured. Due attention should be paid to the fact that the required attitudes 
cannot be achieved only through education and training. Attitudes also 
depend on individual characteristics and organizational culture. The behav-
iour of nuclear facility managers and their ability to be everyday role 
models for their personnel are crucial factors.

Managers of nuclear facilities should embrace their roles in evaluating 
training to improve its effectiveness and to improve performance, in the 
same way as they embrace performance improvement. They are responsible 
for the behaviour of their employees and for the consequences of that 
behaviour. Following training, managers should observe the performance 
of their recently trained employees, provide timely, behaviour-specifi c feed-
back to those employees, evaluate the impact on organizational perform-
ance, and provide feedback to the trainers so that they can improve the 
quality of the training.

As indicated by the National Academy for Nuclear Training (2002) in 
their document ACAD 02-004, the training organization can support line 
managers and encourage professionalism through activities such as the 
following:

• Provide training that improves station and personnel performance.
• Ensure that the training staff serve as a role model for other personnel 

by exhibiting a high level of professionalism while conducting training 
in every setting.

• Ensure that training personnel model the standards and expectations 
held by the line managers; conduct training according to clear standards 
of performance and behaviour; let personnel know what is expected of 
them and hold them accountable; emphasize pride of ownership and 
accountability; and clarify the method for performing tasks correctly.

• Provide input to managers to encourage them to recognize exceptional 
personnel performance during training. Likewise, recognize superior 
instructor performance. Course completion certifi cates and awards can 
foster a sense of training and qualifi cation accomplishment in personnel 
and their instructors.

Training should be considered a strategic tool to foster human performance 
excellence and therefore the improvement of safety and reliable and effi -
cient plant operation.
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6.7 Sources of further information and advice

This section introduces some relevant training issues which enlarge the 
information supplied in the chapter.

ENTRAC: Electronic Nuclear Training Catalogue

The IAEA has developed the Electronic Nuclear Training Catalogue 
(ENTRAC) which provides a method for gathering, sharing and maintain-
ing training information and materials. The Internet site http://entrac.iaea.
org (accessed 22 May 2010) provides access, after registration, to informa-
tion and documents on personnel training, to the related IAEA technical 
documents, and also to the documents and data the Member States provide 
to IAEA for information exchange and sharing.

The IAEA has also established a programme to support the development 
of standardized training packages and distance learning tools in the fi eld of 
nuclear safety. Information on this programme and the training materials 
available can be found at http://www-ns.iaea.org/training/ (accessed 22 May 
2010).

SAT: Systematic Approach to Training

Further detailed information regarding SAT methodology can be found in 
the Institute of Nuclear Power Operations (1993), Principles of Training 
System Development Manual, ACAD 85-006, as well as several publications 
from the International Atomic Energy Agency: IAEA (2000), Training 
solutions / Analysis phase of systematic approach to training (SAT) for 
nuclear plant personnel, IAEA-TECDOC-1170, and IAEA (2001), A sys-
tematic approach to human performance improvement in nuclear power 
plants, IAEA-TECDOC-1204.

ACAD: National Academy for Nuclear Training

Information on the US accreditation process is detailed in National 
Academy for Nuclear Training (2003), The objectives and criteria for accred-
itation of training in the nuclear power industry, ACAD 02-001; National 
Academy for Nuclear Training (2003), The process for accreditation of train-
ing in the nuclear power industry, ACAD 02-002; and for new plants, National 
Academy for Nuclear Training (2008), The process for initial accreditation 
of training in the nuclear power industry, ACAD 08-001.

The National Academy for Nuclear Training (2002), Guidelines for the 
conduct of training and qualifi cation activities, ACAD 02-004, contains 
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exhaustive information about the organization, responsibilities and opera-
tion of training centres.
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7
National technical capability development 

in nuclear power programmes

S. K. SHARMA, formerly of Atomic Energy Regulatory 
Board of India, India

Abstract: This chapter briefl y describes the need and the means for 
developing national technical capabilities for setting up the fi rst nuclear 
power plant (NPP) in a country and its operation and management in 
the long term. Orientation training of staff in nuclear science and 
technology, including training in a research reactor, development of a 
technical core group and national participation in siting and construction 
of the NPP, is recommended for the initial phase. For the longer term, 
enhancement of expertise in areas such as reactor core management, 
in-service inspection and management of radioactive waste and spent 
fuel have been suggested. The importance of developing technical 
support organizations, developing national safety standards and 
participation in international cooperative activities is also touched upon.

Key words: technical capabilities for establishing fi rst nuclear power 
plant (NPP) in a country; national participation in siting and 
construction of NPP; preparing for start of NPP operation; long-term 
operation and management of NPP.

7.1 Introduction

A nuclear power plant (NPP) is a complex machine which requires person-
nel with expertise in a number of technical areas for its siting, construction, 
commissioning, operation and management in the longer term. Also, estab-
lishing a NPP entails national commitment to safety for a very long period. 
That would include the NPP operating lifetime, its safe keeping after ces-
sation of operation and the time required to carry out its decommissioning. 
This period could extend to 100 years or even more. It would be neither 
possible nor practicable to depend entirely on technical support from the 
reactor vendor or other agencies outside the country for such a long period. 
For this reason, it is not only desirable but absolutely essential that requisite 
national technical capabilities be initially developed for establishing the 
fi rst NPP in the country and these be progressively augmented towards 
managing the nuclear power programme and its likely future expansion.

Establishing the foundation for technical development and using a 
research reactor as stepping stone are discussed in Section 7.2. Section 7.3 
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describes the need for obtaining a good understanding of the NPP design 
in the operating organization, the regulatory body and the technical support 
organizations. Sections 7.4 and 7.5 present the advantages of national par-
ticipation in siting and in design, equipment manufacture and construction 
of the NPP respectively. Technical capabilities required for commissioning 
the NPP and for its safe and effi cient operation are described in Sections 
7.6 and 7.7 respectively. Areas in which building of national technical com-
petence for long-term operation of the NPP and for future expansion of 
nuclear power programme in the country is necessary are detailed in Section 
7.8. Decommissioning aspects are covered in Section 7.9 and some sources 
of further information on the topics of the chapter are listed in Section 7.10.

7.2 Establishing the foundation for national 

technical development

For servicing a nuclear power programme over an extended period of time, 
it would be essential to have national capabilities in a number of technical 
and operational management areas beyond conventional engineering. 
Some of the technical areas are reactor physics, reactor chemistry, radiation 
protection, management of reactor core, management of spent fuel, reactor 
control and management of radioactive waste arising from reactor opera-
tion. Examples of operational management areas are development of tech-
nical specifi cations for operation and operational procedures including 
those for upset conditions and for accident management, confi guration 
control of the plant and various administrative procedures for round-the-
clock operation of the NPP. Technical capabilities are also necessary for 
carrying out thermal hydraulic analysis, ageing assessment of systems, struc-
tures and components and probabilistic safety assessment. National capa-
bilities in these fi elds can be developed by getting personnel trained abroad 
in theory as well as in operation of a nuclear power plant of a design similar 
to the one envisaged to be established in the country. A good method could 
be to begin with setting up a research reactor and getting personnel trained 
in this facility fi rst.

7.2.1 Research reactor as a stepping stone 
for nuclear power

A research reactor with a thermal power rating of a few megawatts has all 
the systems of a power reactor except those that are related to raising steam 
and operating the turbine generator for producing electricity. Therefore a 
research reactor would serve well for personnel to obtain a good under-
standing of the intricacies and complexities of controlling the fi ssion chain 
reaction and the overall operational management of a nuclear reactor. 
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Training in the conventional engineering part of a NPP can be imparted in 
large-sized fossil-fuelled electricity generating plants in the country. A 
research reactor also forms a nucleus around which several scientifi c and 
engineering laboratories get established to create a multidisciplinary 
research centre. Such a centre would then serve as the nodal technical 
organization to support the nuclear power programme in the long run.

The experience gained in design, construction and operation of a research 
reactor is extremely helpful in developing a sound foundation for the 
nuclear power programme. The personnel trained in a research reactor are 
able to quickly assimilate the knowledge required for operating a NPP and 
thus a good cadre of well-trained personnel can be created in a reasonably 
short time for managing the nuclear power programme in the country. 
Operating a research reactor also gives a boost for establishing the safety 
culture that is so essential for the success of the future nuclear power pro-
gramme. It is perhaps for this reason that all countries operating nuclear 
power plants today started their nuclear activities by fi rst establishing a 
research reactor.

A research reactor facilitates production of radioisotopes that are exten-
sively used in medical, industrial and other applications. This provides a 
good opportunity for establishing facilities for preparing targets for irradia-
tion in the reactor, processing of the irradiated materials for producing 
sealed sources and radiopharmaceuticals, transportation of radioisotopes 
and their various medical and industrial applications for societal benefi t. In 
a way this benefi cial aspect of nuclear energy helps in conditioning the 
public mind towards acceptance of nuclear power subsequently.

Personnel with experience in operation and management of a research 
reactor can be readily inducted in the regulatory functions and this helps 
in early establishment of the regulatory body with competent staff.

7.2.2 Induction training of human resources

A large number of personnel trained in a variety of fi elds are required to 
support a nuclear power programme in the long term. An initial training 
programme is necessary to orient the newly inducted persons in nuclear 
science and technology where after they can receive advanced training. This 
initial training can be imparted through undergraduate nuclear engineering 
courses. However, after enrolment of students in such courses it would typi-
cally take four to fi ve years before they become available for deployment 
in the nuclear power programme. An alternative could be to design capsule 
courses of about one year’s duration where graduates or postgraduates in 
science and engineering could be taught nuclear subjects. Such courses are 
available in a few countries and arrangements may be made for getting 
personnel trained in these centres. However, subsequently it would be 

�� �� �� �� ��



192 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

advantageous to establish such a course within the country to be able to 
train a larger number of personnel on a regular basis and at low cost. For 
personnel who are going to be engaged in the operation and maintenance 
(O&M) functions of the NPP, further on-the-job training should be arranged 
in an operating NPP or a research reactor such that they can be readily 
inducted into the detailed O&M training for the NPP to be constructed to 
become licensed operators at the earliest opportunity.

7.2.3 The technical core group

It is advisable to induct a small group of carefully selected personnel who 
have a few years of experience in conventional industry and put them 
through the nuclear orientation training as well as practical training in a 
research reactor or in a NPP. These personnel will form the technical core 
group for initiating the nuclear power programme in the country. This group 
can assist in drawing up the design specifi cations for the fi rst NPP to be 
set up, interacting with international reactor vendors and fi nalizing the 
type and size of the NPP to be installed. Personnel of this core group will 
become the team leaders for the key activities during construction, com-
missioning and operation of the NPP. They will in turn train their younger 
colleagues and thus help in creating a large cadre of well-groomed experts 
to manage the fi rst NPP and the future expansion of nuclear power in the 
country.

7.2.4 Work discipline and safety culture

It is of utmost importance that right from the beginning a strong emphasis 
is laid on formal training and having well-formulated procedures in place 
for conduct of all activities. Further, quality assurance and careful attention 
to safety including industrial safety must be made an essential part of all 
work. These elements will aid in developing a strong work discipline and 
safety culture in the operating organization, as also in the regulatory body 
and the technical support organizations, which is so essential for the success 
of the nuclear power programme in the long run.

7.3 Understanding the nuclear power plant 

(NPP) design

A general understanding of the various designs of NPPs available like the 
boiling water reactor, the pressurized water reactor and the pressurized 
heavy water reactor needs to be obtained by national experts initially. This 
would help them appreciate the characteristics of each design in respect of 
capital cost, construction time, operability, safety, integration of the NPP in 
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the electricity grid, requirement of manpower for operation, fuel require-
ments and management of spent fuel and radioactive waste arising from 
operation. This understanding will enable them to have a proper interaction 
with prospective reactor vendors and help in the selection of the fi rst NPP 
to be installed. It will also help them in explaining the justifi cation for start-
ing the nuclear power programme in the country to the public and the 
media.

After the decision on the NPP to be installed is made, a detailed study 
of the design must be done by the personnel in the operating organization, 
the regulatory body and the technical support organizations. It is extremely 
important to obtain a sound understanding of the design, not only for the 
operation of the NPP but also for the safety reviews to be conducted by 
the regulatory body before the various licensing stages of the NPP, viz. 
construction, commissioning and operation. Subsequently this understand-
ing will be of great help in the effective and effi cient regulation of the NPP 
during its operational lifetime. The construction group personnel should 
also learn the basic design of the NPP so as to be able to clearly understand 
and appreciate the need for maintaining high quality standards during 
construction.

During the review of the preliminary safety analysis report of the NPP 
design by the regulatory body, a number of questions will be raised and 
several clarifi cations will have to be obtained. In order to ensure that the 
queries are pertinent and focused, the regulatory body must have a good 
understanding of the design. In the absence of such understanding many 
trivial issues may get overemphasized that will result in loss of valuable 
time and the real issues getting eclipsed. It may also create a strained rela-
tionship between the regulatory body and the operating organization, 
leading to generation of a tendency in the operating organization to hide 
information or to submit only the minimum required information. Such 
tendencies may undermine the very purpose of conducting the safety 
reviews. Mutual trust and professional respect between the operating 
organization and the regulatory body are essential for the proper and 
smooth conduct of the licensing process.

On the part of the operating organization it is essential that they ‘own’ 
the design such that the need for referring questions to the reactor designer 
is minimized. This is possible only when the design and the design basis are 
well understood and well appreciated by the operating organization. Such 
understanding of the design is possible only through an elaborate training 
of the operating organization as well as the regulatory body personnel that 
needs to be arranged by the NPP vendor. The training should also include 
hands-on operation training in a NPP of a similar design and the operating 
experience feedback from NPPs of similar design as also the applicable 
experience from NPPs of other designs.

�� �� �� �� ��



194 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

The understanding of the design should be further improved during the 
commissioning of the NPP as this stage provides a unique opportunity for 
obtaining deeper insights of the design during testing of individual compo-
nents and the integrated testing of systems. A sound understanding of the 
NPP design so developed will not only make the safety review process more 
effective and effi cient but also be invaluable during the longer-term opera-
tion of the NPP.

7.4 National participation in siting 

After the decision on the design and capacity of the fi rst NPP to be installed 
in the country is made, an appropriate site for the NPP is to be selected. 
For this purpose it is advisable to fi rst identify a few candidate sites that 
meet the basic criteria for setting up a NPP. This can be done by a team of 
national experts who have the knowledge and experience in similar work 
performed earlier for locating thermal power plants, hydroelectric power 
stations and other conventional industries. Expertise in specifi c scientifi c 
fi elds related to siting is also likely to be available in various national sci-
entifi c and academic institutions, and personnel from such institutions 
should be appropriately included in the work. It may still be necessary to 
include a few experts from outside and if necessary the report of the 
national team may be subjected to a peer review. However, it is essential 
that national expertise in all relevant areas for site selection be developed 
at the earliest. This can possibly be done during the time when the docu-
ment detailing the design requirements of the proposed NPP that defi nes 
its technical parameters including its power rating is being developed.

The regulatory body should also obtain the required technical know-how 
for safety evaluation of the proposed site at an early date and should 
develop a core group for the purpose. This group will carry out the initial 
safety evaluation of siting proposals and provide support to the expert com-
mittee constituted by the regulatory body to perform the detailed safety 
evaluation for consideration of licensing of the site.

7.4.1 Siting criteria

While screening criteria available internationally can be made use of for 
deciding on the NPP site from amongst the candidate locations, there will 
be several local considerations such as land use and water use around the 
site, the proximity of the site to heritage buildings or archeological monu-
ments, and the likely extent of displacement of local population and its 
social consequences that need to be taken into account. Apart from screen-
ing criteria there are several desirable criteria such as ready availability of 
access roads to the site, infrastructure available nearby to facilitate con-
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struction and the existence of sea port and railhead nearby for transporta-
tion of heavy and large components to the site. For these reasons it is 
essential that strong national participation be ensured in the selection of 
the site for the NPP.

7.4.2 National activities

After consideration of the above criteria, the selected site has to be checked 
for its engineerability to meet the safety requirements, given its character-
istics such as its seismicity, geology, hydrology, soil characteristics and vul-
nerability to fl ooding. These assessments can be made by local experts with 
appropriate outside support where required. Another consideration in site 
selection should address the capability of the site to host future NPPs. The 
reason is that worldwide it is now recognized that it is advantageous to 
install several NPP units at one site, the ‘cluster concept’ as it is called. This 
concept facilitates better utilization of the infrastructure developed at the 
site including the trained manpower available readily. While doing this, due 
consideration has to be given to factors like the adequacy of the ultimate 
heat sink, sharing of systems between the units, and feasibility of construc-
tion of new units with one or more units in operation at the site. Security 
implications of the presence of a large construction force including contrac-
tor personnel at the site with operating units in existence also need to be 
addressed. One other benefi t of the cluster concept is that a nuclear training 
centre including a training simulator for NPP units of the same design can 
be established at the site to cater to the manpower training requirements. 
Experienced personnel from the operating units who will be readily avail-
able to impart training to newcomers will be another advantage for the 
functioning of the training centre at such a site.

The site should also be checked from the consideration of storage and 
disposal of radioactive waste that will be generated from the operation of 
the NPP. In case it is planned to have the waste repository at a different 
location, it should be ensured that temporary storage of the waste at the 
site is feasible before it is shipped out.

The radiation dose to the public, by both direct as well as indirect expo-
sure pathways, should be ensured to be well within the prescribed limits. 
Appropriate apportionment of the committed radiation dose to the public 
for the fi rst NPP unit should be done, keeping suffi cient reserve for future 
units that are planned to be installed at the site. The site should also be 
amenable for implementation of countermeasures that may be required in 
the unlikely event of an accident with signifi cant impact in the public 
domain.

A detailed radiological survey of the environment around the site 
should be carried out well before the start of the NPP operation towards 
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establishing the background radiation levels. These surveys should then be 
carried out periodically after the NPP goes into operation to assess the 
radiological impact of plant operation on the site. It is useful to establish 
an environmental survey laboratory for this purpose. Such surveys involve 
measuring very low background radiation levels and extremely low levels 
of radioactivity in samples of soil, air, water, vegetation and food items. To 
carry out such measurements a good deal of expertise using sophisticated 
instruments is required and the instruments have also to be calibrated 
periodically using standards. Towards ensuring correctness of measure-
ments a good practice is to engage in intercomparison exercises with other 
laboratories carrying out similar work. As the environmental survey work 
starts before the NPP is established and continues throughout the operating 
life of the NPP and beyond, it is important that national expertise in this 
fi eld is developed early and maintained at the state-of-the-art level.

The work done for the siting of the fi rst NPP should be utilized to further 
augment the expertise in this fi eld in the operating organization and the 
regulatory body as well as the technical support organizations, taking into 
account new technological developments and worldwide experience in 
siting. This will be of immense use in siting future NPPs as also during 
periodic safety review of operating units towards ensuring that the site 
continues to meet the current siting criteria.

7.5 National participation in design, equipment 

manufacture and construction

7.5.1 Plant design and equipment manufacture

A NPP consists of the nuclear steam supply system (NSSS) and the balance 
of plant (BoP). The NSSS comprises the reactor core and all structures, 
systems and components (SSCs) required for controlling the reactor power, 
shutting down the reactor when required and maintaining it in a safe shut-
down state. The other SSCs of the NSSS are those that are required for 
cooling the reactor core during the operating as well as shutdown state and 
for containment of radioactivity during normal and off-normal operating 
conditions, including accident conditions. Design, manufacture and con-
struction of the SSCs of the NSSS have to meet stringent nuclear standards 
that require a great deal of specialized expertise and experience. For this 
reason it is unlikely that the industry in an emerging nuclear power country 
can undertake this work.

The BoP comprises SSCs that are also found in conventional industry. 
It may therefore be possible for local design and manufacturing organiza-
tions to undertake some of this work. It is, however, to be borne in mind 
that many of the SSCs of the BoP are also directly or indirectly related to 
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NPP safety and hence have to be designed, manufactured and tested to 
high standards. It would be advisable that a careful survey is done in con-
sultation with the reactor vendor to establish the feasibility of entrusting 
specifi c tasks to the local industry. For some of the tasks the capability of 
the local industry may have to be suitably augmented. All efforts should, 
however, be made to maximize the participation of national experts and 
manufacturing industries with a clear agreement with the reactor vendor. 
Such participation is very useful for enhancing national capabilities for 
supporting the future expansion of a nuclear power programme and for 
undertaking more complex tasks in future, including those related possibly 
to the NSSS also.

As stated earlier, all NPP equipment and components are to be manu-
factured to meet stringent standards. This makes quality assurance (QA) 
an important part of their manufacture irrespective of the manufacture 
being done by local or any foreign industry. The NPP owner should there-
fore establish early the capabilities and means for ensuring QA during 
various identifi ed stages of manufacture of all components. The regulatory 
body should have its own independent capabilities and system in place for 
carrying out inspection during manufacture for QA. This can be achieved 
only if a sound infrastructure for QA is available in the country well before 
any manufacturing activity starts. While some of the QA-related tasks can 
be outsourced, it is essential that the plant owner as well as the regulatory 
body have their own technical core groups for reviewing such work.

7.5.2 Plant construction

Most of the construction activities for a NPP such as excavation, civil con-
struction, laying of piping, cables and instrument tubing, installation of 
electrical, air conditioning and ventilation equipment, erection of equip-
ment like pumps, compressors, valves, diesel generators, transformers, 
switchgear and the turbine generator and its associated equipment are 
similar to those performed in conventional industries. It should therefore 
be possible to identify local agencies to carry out these jobs. However, it 
needs to be noted that the nuclear industry is characterized by stringent 
quality standards and hence the contracting agencies selected should be 
capable of performing construction work that meets these standards. The 
bidding companies should be prequalifi ed and shortlisted based on their 
work experience, quality of work performed earlier, availability of qualifi ed 
staff in requisite numbers, and capability to mobilize the required construc-
tion machinery and manpower to complete the work according to the 
schedule. The successful bidders may then be selected from the organiza-
tions so shortlisted. There is the modern practice of awarding mega-
contracts comprising several packages to a single construction contractor. 
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This is towards completing the construction work in the minimum possible 
time and to minimize paperwork. It would be ideal if agencies for awarding 
mega-contracts can be identifi ed in the local market. If this is not possible, 
participation of local sub-contractors under the mega-contract should be 
ensured to the maximum extent possible. This will not only reduce the cost 
of construction but also groom the local contractors to take up future NPP 
construction work in the country. While national participation in construc-
tion to the maximum extent possible is highly desirable, there are certain 
specialized jobs such as the erection of the reactor vessel, primary coolant 
system piping and reactor control and protection system components that 
may have to be necessarily performed by experienced vendor personnel. 
Participation of utility personnel and local contractors in such jobs should 
be encouraged to the extent possible such that they can utilize this experi-
ence subsequently in commissioning and O&M of the NPP and in similar 
construction activities of future NPPs.

7.5.3 Construction quality

Towards ensuring high quality in construction, each piece of work must be 
carried out according to detailed procedures that are made available in 
advance. There should be an independent quality assurance agency with 
good participation of utility personnel to carry out quality checks at pre-
identifi ed stages or hold points. There should be formal procedures in place 
to deal with non-conformances from approved construction specifi cations, 
drawings and procedures, and the hierarchical levels at which their disposi-
tion is to be decided shall be identifi ed in advance. It is most appropriate 
to establish a formal mechanism for communicating such changes to the 
commissioning group and the O&M group and to associate them in the 
NPP construction activities to the extent feasible. This helps in making them 
thoroughly familiar with the as-constructed plant. Also it is frequently nec-
essary to make mid-course changes in construction on account of factors 
such as unexpected interferences encountered while laying piping and 
cables or non-availability of specifi ed materials. The O&M group must 
properly assess the impact of such modifi cations and the need for modifying 
operating and maintenance procedures or carrying out additional checks 
during commissioning.

7.5.4 Regulatory inspections

The regulatory body should carry out its own independent checks during 
the construction phase through regulatory inspections using formal proce-
dures. The interaction of the regulatory body during such inspections should 
be with the responsible utility personnel who can be assisted by the reactor 
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vendor staff or contractor personnel. Shortcomings identifi ed during regu-
latory inspections should be categorized according to their safety signifi -
cance and corrective actions taken in the timeframe agreed upon between 
utility and regulatory body.

All deviations from design in construction are to be documented and 
drawings to be modifi ed to refl ect the as-constructed plant correctly. The 
reasons for modifi cations together with the justifi cation for their acceptance 
and the regulatory body’s consent for them should be properly documented 
for future reference. The regulatory inspections must also confi rm that for 
individual systems and major equipment the construction group provides 
a construction completion certifi cate before these are taken up for 
commissioning.

7.5.5 Industrial safety

Adequate attention to industrial safety, including fi re safety and housekeep-
ing, is a must during the construction of an NPP. Any defi ciency in these 
areas will not only be detrimental to the health and safety of the construc-
tion workers but will also dilute the safety culture at the site, which will 
have an adverse impact on the commissioning and O&M activities subse-
quently. Responsibility for industrial safety should be with utility personnel 
even though actual construction work is done by contractors. All jobs must 
be subjected to hazard analysis and appropriate procedures and personnel 
protective equipment requirements laid down for their execution. As the 
status of work keeps changing rapidly at a construction site, the supervisors 
responsible for industrial safety must make frequent visits to the site for an 
on-the-spot assessment and enforcement of safety requirements, including 
their augmentation where necessary.

7.6 Plant commissioning

7.6.1 Preparing for commissioning and start of operation

After the staff have undergone the initial training they should be associated 
with the experts of the reactor vendor in preparation of commissioning, 
operating and maintenance procedures and the technical specifi cations for 
operation that will include surveillance and in-service inspection schedules 
and administrative requirements. The O&M staff should also be involved 
in the process of review of such documents by the regulatory body.

A preliminary safety analysis report (PSAR) of the reactor and support-
ing technical documents are provided by the reactor vendor. These docu-
ments describe in detail the safety requirements laid down for the design 
and how the plant is able to meet these requirements under normal 
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operating conditions, upset conditions and design-basis accident conditions. 
The PSAR also describes the engineered safety features and procedures 
for operator intervention to control the progression of beyond design-basis 
accidents and for mitigation of their consequences. The PSAR is a very 
important document not only for understanding the safety design of the 
plant but also for obtaining good familiarity with the behaviour of the plant 
under normal as well as abnormal conditions. The PSAR review together 
with the progressive review of the results of commissioning will be the basis 
for the regulatory body to issue a licence for initial fuel loading in the 
reactor core, fi rst criticality of the reactor, ascension of power in stages and 
operation at rated power. A thorough study of the PSAR and the support-
ing documents by the operating staff and their participation during the 
review of the PSAR by the regulatory body helps in acquiring good famili-
arity with the design and operational safety aspects of the plant. Various 
modifi cations implemented during construction and those based on review 
of the commissioning results are suitably incorporated in the PSAR to 
produce the fi nal SAR that correctly refl ects the as-built plant.

Study of the SAR, the design and operating manuals of reactor systems 
and the equipment manuals and training on the reactor simulator will form 
the major component of the training of operating staff. The profi ciency of 
the operating staff should then be checked through a system of getting 
checklists for individual systems signed by senior engineers, a plant walk-
through, a written examination and an oral interview by a licensing board 
for their formal licensing for NPP operation.

7.6.2 Commissioning

Commissioning of the individual components followed by integrated com-
missioning of the reactor systems is done to confi rm that they are able to 
perform their design-intended functions. While the main reactor systems 
are taken up for commissioning on completion of construction, service 
systems such as the compressed air system, electrical power supply system 
and water demineralization plant are commissioned in parallel with con-
struction. Commissioning provides a unique opportunity to obtain deeper 
insights into the working of the reactor systems that is so essential to 
augment the knowledge acquired from study of documents such as design 
and operating manuals and PSAR. For this reason the operating staff should 
be intensely involved in the commissioning work. Results of commissioning 
should be formally reviewed in a senior-level commissioning review com-
mittee. Based on these reviews, necessary modifi cations in the plant and in 
the operating procedures should be made and additional surveillance and 
in-service inspection requirements should be identifi ed. Operating staff 
must be involved in the commissioning review as it will help them acquire 
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intimate understanding of the plant and the interaction of reactor systems 
with each other.

7.6.3 Start of operation

Initial fuel loading marks the start of operation of a NPP and therefore 
the complete operational discipline should be in force before the fi rst 
fuel assembly is loaded in the reactor core. This would include establish-
ment of the reactor operating island, implementation of security provisions, 
zoning of the operating island for prevention of spread of radioactive 
contamination, availability of licensed operating staff and availability of 
approved technical specifi cations for operation, operating and maintenance 
procedures, emergency operating procedures and emergency preparedness 
plans.

Achieving fi rst criticality of the reactor is the fi rst major step in NPP 
operation. For this the expected confi guration of the reactor core including 
the anticipated position of control rods will be worked out in advance and 
all special instrumentation for reactor startup will have been commissioned. 
After satisfactory achievement of fi rst criticality, power will be raised in 
steps with clearance from the regulatory body at every pre-decided stage. 
Some of the commissioning tests that can be carried out only with the 
reactor at power will now be done and their results reviewed by the com-
missioning review group and the regulatory body.

As mentioned earlier, the O&M staff and local technical services person-
nel of the reactor physics group, the fuel handling group and the radiation 
protection group should be fully involved at all stages from fi rst criticality 
to operation at rated power, including direct participation in the commis-
sioning tests made with the reactor at power.

7.7 Plant operation

Conduct of operation covers day-to-day operation of the NPP, execution of 
various operational, maintenance, in-service inspection and surveillance 
procedures, management of evacuation of electricity produced to the grid, 
and refuelling of the reactor core during refuelling outages. As brought out 
earlier, the NPP is to be operated by well-trained and licensed personnel 
within the operating envelope prescribed by the technical specifi cations for 
operation. In addition there should be formal procedures in place for shift 
turnaround, authorizing maintenance work, permitting installation or 
removal of bypasses on electrical circuits to facilitate maintenance work, 
altering the operating confi guration of any reactor system, monitoring 
chemistry parameters, testing and surveillance of equipment, calibration of 
instruments, radiation monitoring and other health physics related checks.
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During refuelling outage of the NPP a large number of maintenance, 
in-service inspection, surveillance and other activities of a specialized nature 
are undertaken in addition to the refuelling work. Sometimes fuel assem-
blies may require cleaning to remove crud from fuel clad surfaces that may 
hinder effi cient heat transfer from fuel to coolant. This is done by shifting 
fuel from the reactor core to the spent fuel pool where the cleaning opera-
tion is carried out in equipment specially designed for this purpose. The 
cleaned fuel assemblies are then returned to the core. Availability of well-
trained personnel and detailed advance planning is necessary such that all 
these activities can be performed in an organized and safe manner while 
keeping the refuelling outage duration to the minimum possible. Towards 
this end it is common to employ a number of contractor personnel during 
refuelling outages. It has to be ensured that these personnel have the req-
uisite technical capabilities and adequate experience. They also need to be 
trained to work in a radiation environment following the prescribed work 
procedures. A well-established outage management system forms a very 
important part of the conduct of operation of the NPP. For handling fresh 
fuel, refuelling work, fuel cleaning operation and management of spent fuel, 
a separate fuel handling crew should be organized. However, the shift staff 
should also be trained to carry out these tasks as some of these activities 
may have to be performed in round-the-clock shifts.

During operation of the NPP some expected as well as unexpected 
operational occurrences or incidents are likely to take place. These could 
be due to internal causes like equipment malfunction, operator error and 
inadequate procedures or due to external factors like earthquakes, exter-
nal fl ooding and disturbances in the electricity grid. Some such incidents 
may be safety related and some may result in a reactor trip. All such 
incidents should be reported in a formal manner and subjected to detailed 
analysis to identify the causes, including the root cause of the occurrence, 
and to implement the corrective actions. The exercise of reporting and 
analysing such incidents is by itself a good means of improving technical 
competence as it involves an in-depth look into the plant hardware and 
procedures. For the same reason personnel should also be encouraged to 
review the O&M experience and record this through writing reports and 
technical papers.

The in-house orientation training and the training provided to staff by 
the reactor vendor and other external agencies will suffi ce only for the 
routine operation of the reactor. Extensive support from the vendor will 
still be required to tackle non-routine problems as also for special jobs like 
working out the reactor refuelling scheme. It would therefore be necessary 
to carry out technical development and build national competence on a 
continuing basis such that dependence on the vendor is progressively 
reduced. Development of such competence is required for carrying out 

�� �� �� �� ��



 National technical capability development 203

© Woodhead Publishing Limited, 2012

plant modifi cations when necessary, improving O&M procedures, in-service 
inspection of systems, structures and components for ageing management 
and for investigating abnormal occurrences and deciding on corrective 
actions. National technical competence is also necessary for deciding on the 
extension of the NPP operation beyond the initially licensed period as also 
on its fi nal shutdown and eventual decommissioning. Apart from the utility, 
building of technical competence is necessary in the regulatory body for 
effi cient and effective safety regulation of the NPP and in the technical 
support organizations to be able to provide necessary assistance by way of 
research, analysis and experimental support. The fi nal aim should be to 
progressively attain a level of technical development so as to be able to 
undertake design and construction of new NPPs indigenously.

The major activities to be performed and managed by the operating 
organization for the safe and effi cient operation of the NPP relate to man-
agement of the reactor core, maintenance, in-service inspection, reactor 
chemistry, radiation protection, radioactive waste management, spent fuel 
management, emergency preparedness and operational safety review. 
Important aspects of developing a sound infrastructure and a high level of 
national expertise necessary for the proper conduct of these activities are 
described in the following paragraphs.

7.7.1 Management of reactor core

Reactor core management starts with working out the scheme for initial 
fuel loading in the core with control rods in appropriate positions and the 
required concentration of neutron poison in the reactor moderator to 
ensure that the prescribed level of sub-criticality is maintained all the time. 
The next step is to compute the core confi guration for its fi rst criticality and 
to prepare the procedure for achieving fi rst criticality. Special instrumenta-
tion is installed in the core for measuring the very low neutron fl ux in the 
core during the approach to fi rst criticality. It may also be necessary to 
install a neutron source to ensure that the reactor startup instrumentation 
is comfortably on-scale before starting to reduce the boron concentration 
in the moderator water or withdrawing control rods for making the reactor 
critical.

After the reactor is made critical, the predicted and the actual core con-
fi guration for criticality are compared and any signifi cant differences or 
anomalies are resolved. Thereafter various tests are conducted with the 
reactor at low power, such as measurement of reactivity worth of control 
rods and various coeffi cients of reactivity. Other checks such as measuring 
neutron fl ux at different axial and radial locations in the core, establishing 
the relation between reactor thermal power and neutron power, effective-
ness of radiation shielding and response of the NPP control system during 
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situations like partial or total load throw-off are carried out at different 
power levels during the reactor power ascension stages.

Thermal hydraulics computations are done to assess the power delivered 
from fuel to coolant and various important thermal parameters such as the 
fuel rod linear power, the fuel centre temperature, the fuel clad surface 
temperature and the temperature gradient across the fuel thickness, both 
for steady-state condition and under transients such as tripping of main 
coolant pumps and movement of control rods. Computations using coupled 
neutronic and thermal hydraulic codes facilitate obtaining a better and 
more holistic assessment of the reactor core.

After fuel burn-up proceeds to a level at which there will not be suffi cient 
reactivity available to operate the reactor, the core will have to be refuelled. 
Refuelling is generally done by removing high burn-up fuel from the central 
zone of the core, moving the low burn-up fuel from the outer zone to the 
central zone and loading fresh fuel in the outer zone. As refuelling is done 
in the reactor shutdown state with the reactor vessel head open, care needs 
to be taken to prevent open vessel criticality of the core, especially when 
control rods are removed for maintenance work.

For performing the above activities a strong reactor physics group has to 
be developed at the NPP with profi ciency in use of neutronic and thermal 
hydraulic computational codes and a good understanding of the reactor 
core behaviour. Based on the results of various measurements and operat-
ing experience, the computational codes will have to be fi ne-tuned or 
upgraded. This group will advise the plant management on the refuelling 
of the core and will work out the detailed refuelling scheme. For reactor 
designs with on-power refuelling, this task has to be performed on a day-
to-day basis. This group will also analyse reactivity anomalies and other 
reactivity-related events as and when they occur and advise the plant man-
agement on the corrective actions. As the neutronic and thermal hydraulic 
behaviour of the core is one of the most important areas of reactor safety, 
the staff of the regulatory body also need to have proper understanding 
and appreciation of effective safety regulation. Many regulatory bodies 
have standing expert groups to advise them in these areas. Such advisory 
groups may comprise experts from within the regulatory body, the technical 
support organization and academic institutions and even personnel from 
the utility headquarters who are not directly involved in managing the 
reactor core. While assistance from the reactor vendor may be obtained 
during the initial few years for managing the core, it is absolutely essential 
that a high level of expertise in this fi eld be progressively developed in the 
operating organization, the technical support organization and the regula-
tory body for managing the reactor in the long term as also for future 
expansion of the nuclear power programme.
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7.7.2 Maintenance

A NPP comprises a large number of structures, systems and components 
and these need to be maintained in a good state of repair for safe and 
effi cient operation. Maintenance can be largely divided into preventive, 
predictive and breakdown maintenance. All preventive maintenance activ-
ities should be well planned according to manufacturers’ recommenda-
tions and executed by well-trained personnel. These schedules shall be 
suitably revised from time to time based on actual experience. Modern 
NPPs have suffi cient redundancy for equipment and instrumentation items 
that are safety related or which are needed to be taken out of service for 
maintenance or calibration with the NPP in operation. Some of this equip-
ment or components may be radioactively contaminated and hence will 
have to be decontaminated prior to maintenance work. Where this is not 
possible, maintenance may have to be done in shops that are equipped to 
handle contaminated parts. For predictive maintenance, the components 
have to be kept under surveillance to monitor any degradation such as by 
condition monitoring techniques or by trending their performance. 
Maintenance work is then done to prevent breakdown while in service. 
For certain redundant safety-related components the technical specifi ca-
tions for operation prescribe the allowed outage time. The plant mainte-
nance groups should be well equipped to complete maintenance work on 
such items and return them to service within the permitted time to avoid 
forced shutdown of the NPP.

From the foregoing it can be seen that a high level of technical compe-
tence for all types of maintenance work must be developed in the plant 
staff. This can be achieved by getting some personnel trained in mainte-
nance at other NPPs of similar design and by equipment manufacturers. 
These personnel in turn should train the larger number of maintenance 
personnel at plant site. For overhauling some of the equipment of a special-
ized nature such as the turbine generator, it may be necessary to engage 
the manufacturer’s personnel during planned outages of the NPP. However, 
the overall responsibility for getting the work carried out and bringing the 
equipment back to service must rest with the plant personnel. Several 
maintenance activities are undertaken during planned outages such as the 
refuelling outage. The duration of such outages and consequently the plant 
load factor is heavily dependent on the capability of the maintenance per-
sonnel to complete the work in a timely manner while maintaining a high 
level of quality in the work performed. It must be remembered that a well-
designed and well-operated NPP can give plant load factors in excess of 
90% but this is possible only when it is maintained by personnel with a high 
level of technical skills and in the most professional manner.
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7.7.3 In-service inspection

In addition to maintenance and surveillance checks on various equipment 
and instrumentation items, it is necessary to undertake special periodic in-
service inspection (ISI) of certain structures and components that are criti-
cal for safety and continued operation of the NPP and are not easily 
replaceable. ISI results form an important input for the ageing assessment 
of systems, structures and components for long-term operation of the 
reactor. Examples of ISI are the assessment of the extent of radiation-
induced embrittlement of the reactor pressure vessel through periodic 
examination of test coupons installed for the purpose, integrated leak rate 
testing of the reactor containment, periodic assessment of loss of prestress-
ing in the reactor containment building, checking of steam generator tubes 
for thinning and existence of fl aws, periodic examination of welds in the 
primary coolant pressure boundary, and checking of critical piping of the 
primary and secondary coolant system and steam system for loss of thick-
ness or any fatigue-induced degradation. ISI is done by highly trained 
personnel using special techniques such as ultrasonic testing, eddy current 
testing and radiography. Some of the inspections, such as those of test 
coupons for reactor pressure vessel health assessment, may have to be 
carried out in hot cells of post-irradiation examination laboratories. Thus it 
is necessary to develop technical competence in the operating organization 
and in the technical support organization such that ISI can be done follow-
ing specifi ed standards and the inspection results can be properly inter-
preted to arrive at important decisions concerning long-term operation of 
the NPP

7.7.4 Reactor chemistry

Maintenance of good chemistry of reactor system fl uids is essential for 
minimizing corrosion of reactor system components and generation of acti-
vation products that can give rise to high radiation fi elds on piping and 
equipment, resulting in increased radiation exposure of plant personnel. 
Reactor coolant and moderator water chemistry is generally maintained by 
circulating a part of the coolant fl ow through ion exchange resin beds. At 
times neutron poisons such as boron are added to the coolant in the form 
of boric acid to suppress excess reactivity. In this case the resins used need 
to be saturated with boron to prevent unwarranted boron removal that can 
give rise to reactivity gain. For the same reason dilution of borated water 
in the reactor system by inadvertent addition of unborated water must be 
prevented. Conversely, boron removal to gain reactivity in a controlled 
manner can be done by passing the coolant through ion exchange resins 
that have not been saturated in boron. The moderator system is normally 
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vented to an inert cover gas such as helium in heavy water moderated reac-
tors. Build-up of deuterium can take place in the moderator cover gas due 
to radiolytic decomposition of heavy water. This has to be kept within pre-
scribed limits to prevent the concentration reaching explosive limits. For 
this purpose the cover gas has to be purifi ed by passing over a catalytic 
recombiner. Similarly, in light water reactors hydrogen build-up in the 
reactor coolant is vented to catalytic recombiners. From time to time activa-
tion products that have deposited on the inner surfaces of system piping 
need to be removed to bring down radiation fi elds on piping. This is done 
by dilute chemical decontamination of the system, ensuring that base metal 
of the piping and other system components including cladding of fuel 
assemblies in the core are not subjected to any signifi cant corrosion.

Chemistry of the secondary coolant of the reactor also has to be main-
tained within proper limits to ensure good health of the secondary system 
components such as the steam generators and the steam turbine. Appropriate 
chemicals are added to the system and the condensate is subjected to pol-
ishing by ion exchange resins before being pumped back into the feed water 
system. Deaeration of feed water is done to maintain dissolved oxygen 
content at very low values to minimize corrosion of secondary system inner 
surfaces.

It may be noted that chemistry control of reactor systems plays a vital 
role in minimizing corrosion and thereby helps in trouble-free operation of 
the NPP over long periods of time. It also helps in minimizing build-up of 
radiation fi elds on system piping and components thereby reducing radia-
tion exposures of personnel. Proper maintenance of system chemistry is 
also necessary from a reactivity safety point of view. A well-trained and 
competent reactor chemistry group is therefore essential for safe and effi -
cient long-term operation of the NPP. The technical competence of this 
group should be continually enhanced by in-house research as also by 
keeping abreast with the latest developments in this fi eld worldwide. The 
chemistry group should also maintain close contact with academic and 
other relevant institutions in the country having expertise in specifi c areas 
such as corrosion and seek their assistance whenever necessary.

7.7.5 Radiation protection

Operation of a NPP will result in some radiation exposure to plant person-
nel as also to the public in the area in the vicinity of the NPP due to release 
of liquid and gaseous radioactive effl uents from the plant. These exposures 
have to be maintained within the limits prescribed by the regulatory body 
and as low as reasonably achievable. This is done through design provisions 
whereby all radiation sources in the NPP are properly shielded and con-
tained and by following appropriate procedures for carrying out O&M 
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activities. For limiting the radiation exposure of the members of the public, 
adequate checks are maintained for controlling the radioactive effl uents 
from the NPP to the environment and developing appropriate models for 
assessing the exposure of the public from such effl uents by way of direct 
exposure, as also by inhalation and ingestion through the terrestrial, aquatic 
and air routes. The design provisions and specifi ed procedures shall take 
into account exposures during normal operation as also during off-normal 
situations including accident conditions. Towards this aim a robust radiation 
protection programme must be in place well before the start of NPP 
operation.

The radiation protection programme comprises monitoring the radiation 
exposure of all personnel inside the operating island and at other places 
such as in the waste disposal facility or in the away-from-reactor spent fuel 
storage area which have a potential for causing radiation exposure. 
Monitoring of external exposure is done by measuring the radiation 
dose received by radiation exposure monitoring devices such as thermo-
luminescent detectors or direct reading dosimeters that have to be worn 
by all radiation workers while in the plant. Internal exposures are moni-
tored through bioassay samples and whole body counting of the workers. 
Radiation dose to the public is assessed by measuring radioactivity levels 
in air, water and soil samples around the plant and in food items including 
milk and milk products consumed by the public around the NPP and by 
estimating the dose using validated computational models.

In addition to monitoring of personnel exposures, radiation levels in 
various areas of the NPP and radioactivity levels in the fl uids in the reactor 
systems and in the air in various plant areas are regularly checked. The 
water and air samples are also subjected to gamma spectrometry to identify 
the presence and concentration of various radionuclides to obtain informa-
tion on the source of radioactivity in these fl uids. All plant areas are regu-
larly checked for radioactive contamination and various measures are 
taken, including the use of personnel protective equipment by workers and 
barricading of areas to prevent contamination of workers or spread of 
contamination. To limit the radiation exposure of workers during mainte-
nance work or special operations like refuelling, their time of exposure is 
limited and temporary radiation shields are used to reduce the radiation 
level at the work spot. At times the work is performed using remote han-
dling devices to bring down the exposure by increasing the distance between 
the workers and the radiation source. Fresh air masks are used to prevent 
internal exposure from intake of airborne radioactivity.

For effective implementation of the radiation protection programme a 
dedicated group of health physicists is required with a high level of com-
petence in radiation monitoring, assessment of radioactivity levels in various 
matrices, control of radiation exposure of personnel and prevention of 
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spread of radioactive contamination. Appropriate laboratory facilities are 
also required to be set up for carrying out all necessary measurements and 
analysis of samples. A high fraction of the total radiation exposure of plant 
workers takes place during refuelling, maintenance and in-service inspec-
tion work performed during planned outages of the NPP. The health physics 
personnel play a very important role in minimizing these exposures by 
advising plant personnel on the appropriate measures that need to be taken. 
For this reason, in many countries, the key health physics staff are formally 
authorized by the regulatory body after extensive training.

At times unplanned exposure of personnel may take place or personnel 
may get over-exposed due to loss of shielding, failure to follow prescribed 
procedures, inadequacy in the procedures or improper use of protective 
equipment. All such cases must be analysed in detail to identify the direct 
as well as the root causes to decide on the appropriate modifi cations in 
hardware and procedures to prevent recurrence. A high level of technical 
competence in the health physics group and radiation safety awareness in 
the workers is required for proper implementation of the radiation protec-
tion programme at the NPP with the aim of keeping all radiation exposures 
within the prescribed limits and also as low as practicable.

7.7.6 Radioactive waste management

Some radioactive waste will be generated from NPP operation in the form 
of liquid effl uents, solid waste and gaseous effl uents. The liquid effl uents 
with low levels of radioactivity are treated using appropriate processes and 
recycled as far as possible, but some liquid effl uents will have to be dis-
charged to the environment. Such discharges are generally done using the 
dilute and disperse principle. The effl uents are diluted, for example by the 
large quantities of condenser cooling water outlet from the NPP, and then 
dispersed in large water bodies like a lake, river or sea near the NPP site. 
Solid radioactive waste is generated from plant operation in the form of 
replaced components or their parts, piping sections, used fi lters, exhausted 
ion exchange resins, radioactively contaminated personnel protective wear 
like coveralls, gloves and caps and materials like mops used for decontami-
nation of fl oors and other surfaces. The solid radioactive waste is stored in 
near-surface disposal facilities after volume reduction and packaging where 
feasible. Such facilities may be co-located with the NPP or they could be 
centralized facilities located elsewhere and may store radioactive waste 
from several installations. Some solid wastes such as ion exchange resins 
may require special treatment before disposal, such as fi xation of radioac-
tivity in the resin in cement or polymer matrix to prevent its leach-out 
during extended storage. Facilities for such special treatment have to 
be built as part of the NPP complex. Radioactive gaseous effl uents are 

�� �� �� �� ��



210 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

generated by neutron activation of air and suspended particulates and by 
pick-up of radioactivity by reactor ventilation air during its passage through 
radioactively contaminated areas. The ventilation exhaust air from the 
reactor building and other plant buildings having a potential for giving rise 
to airborne radioactivity is fi ltered through high-effi ciency particulate fi lters 
for removal of particulate activity and, if necessary, through special fi lters 
like those made of activated charcoal for trapping radioactive iodine. It is 
then released through a tall stack into the atmosphere for dilution and 
dispersal.

It can be seen that radioactive waste management at NPP sites is an 
ongoing activity that requires special expertise. This function is important 
as it is to be ensured that radioactive waste disposal to the environment 
must be within the prescribed limits. Further, even within the specifi cation 
limits, it should be kept as low as reasonably achievable to minimize adverse 
impact on the environment in the long term. This objective can be achieved 
only through having a dedicated radioactive waste management team with 
high technical competence. Ongoing research and development at the tech-
nical support organizations is also necessary towards developing improved 
processes for recycling of liquid waste and reducing waste volumes to the 
maximum extent possible.

7.7.7 Spent fuel management

Spent fuel removed from the reactor core has to be properly and safely 
stored for several years before it can be shipped out for reprocessing, fi nal 
disposal or further storage at a different site. Spent fuel is stored under 
water in the spent fuel storage pool in fuel storage racks that have inbuilt 
high neutron-absorbing materials to ensure suffi cient subcriticality. The 
pool water has to be circulated, cooled and purifi ed to remove the decay 
heat transferred from the stored fuel to pool water and to maintain its 
chemistry parameters to minimize corrosion of the fuel cladding. For trans-
portation of spent fuel from the NPP site, specially designed shielded casks 
are used and transportation is done after the decay heat in the fuel has 
come down to a level when natural convection cooling by surrounding air 
is suffi cient to keep the fuel and fuel cladding temperature within specifi ed 
limits.

If the storage capacity in the pool becomes insuffi cient due to inability 
to ship out the fuel for any reason, timely action is necessary for construc-
tion of away-from-reactor storage pools to augment the storage capacity. 
The away-from-reactor pools have to be built and operated in the same way 
as the storage pool at the reactor site. It is also possible to store spent fuel 
in dry storage casks or dry storage facilities after it has been cooled for a 
suffi ciently long period. Such casks and facilities may have to store spent 
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fuel for a fairly long time till the fi nal disposition of the fuel is decided. 
Accordingly they have to be kept under proper surveillance by periodic 
checks on fuel clad integrity and structural integrity of the casks and the 
facilities. Expertise in spent fuel management over extended periods of time 
that can run into several decades has to be acquired by the operating 
organization. The technical support organizations and the regulatory body 
also need to develop adequate technical competence in this fi eld.

7.7.8 Emergency preparedness

While NPPs are designed and operated with a very high level of safety, it 
is essential that an adequate level of preparedness is still maintained to deal 
with the highly unlikely situation of a reactor accident. Reactor accidents 
can be broadly categorized as design basis accidents (DBA) and beyond 
design basis accidents (BDBA). For a DBA the design provisions, including 
the engineered safety features such as the emergency core cooling system, 
and the reactor containment system, together with the actions taken by 
well-trained operators, should be able to contain or confi ne the radioactivity 
released from the reactor core such that there is no signifi cant adverse 
impact beyond the NPP site. In the case of a BDBA that may be caused by 
unanticipated failure sequences or by multiple failures occurring simultane-
ously or due to a natural phenomenon of intensity greater than that con-
sidered in the design, there could be signifi cant impact in the public domain. 
In modern NPP designs, due consideration is given to BDBAs also and 
provisions are made to enable the operator to control their progression and 
to minimize their adverse consequences.

The fi rst step in emergency preparedness is to develop emergency operat-
ing procedures for all envisaged situations and to impart intensive training 
to operators for their execution when required. Extensive use should be 
made of the training simulator for this purpose. It should, however, be kept 
in mind that it is not possible to anticipate all possible emergency situations. 
At times the operators will have to use their ingenuity and take actions that 
might not have been included in the emergency operating procedures. This 
is possible only when the operators have a thorough understanding of plant 
behaviour and a high level of technical competence.

Emergency plans need to be in place for actions that are to be taken in 
case a reactor accident has a potential for or causes actual release of radio-
activity outside the reactor containment. The actions could be in the form 
of countermeasures such as administration of prophylactics to prevent 
uptake of radioactive iodine by people, impounding food and milk, barri-
cading of radioactively contaminated areas or even evacuation of affected 
or likely to be affected populations. For deciding on the type of emergency 
actions, their extent and the zone around the NPP where these need to be 
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implemented, an assessment of the quantum of activity released has to be 
made. Further, the dispersal of the activity in the atmosphere and its deposi-
tion on the ground taking into account the prevailing weather conditions 
has to be estimated For the longer term the radiation dose to the public by 
the terrestrial and aquatic routes and through the food chain has to be 
computed. These assessments have to be made through analysis of a large 
number of air, water, soil and food samples for their radioactivity content 
and by using computational models for estimating the dose to the members 
of the public by direct exposure as also through the inhalation and ingestion 
routes.

Emergency preparedness involves developing the requisite technical 
competence for carrying out such assessments in quick time, deciding on 
the countermeasures to be implemented and fi nally executing the actions 
in an organized manner. As implementation of countermeasures will be 
done by the public authorities, it is essential to have a mechanism in place 
for proper and timely coordination between the NPP and the public author-
ities. Emergency exercises have to be carried out regularly according to the 
time schedule approved by the regulatory body to test the plans to be in a 
good state of preparedness to manage emergencies.

7.7.9 Operational safety reviews

The basic elements for safety in operation of a NPP are the ability to control 
the reactor power, ensuring adequate core cooling at all times and contain-
ment of radioactivity. Towards this aim the NPPs are designed using proven 
engineering practices and following the principles of defence in depth and 
adequate redundancy and diversity in safety-related components. However, 
in spite of the best design, situations can arise during NPP operation that 
were not envisaged in the design. Experience has shown that timely actions 
by competent operators may be able to ensure safety even during such 
unforeseen circumstances. A high level of technical competence in well-
trained operators is therefore an absolute necessity. This can be achieved 
to a large extent by learning from operational safety reviews and operating 
experience feedback. It should be borne in mind that the primary respon-
sibility for safety rests with the operator.

A formal mechanism for review of operational reports and operational 
incidents on a regular basis should be established by the operating organiza-
tion. In addition the regulatory body should lay down criteria for reporting 
of safety-related operational occurrences. These reports should be reviewed 
to identify the causes, including the root causes, of the incidents and neces-
sary corrective actions should then be implemented. While some of the 
actions can be implemented immediately, there will be other actions for 
which detailed analysis, experimental work or development of designs and 
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procurement of materials or components may be required. For implement-
ing such actions, a time schedule should be agreed upon between the oper-
ating organization and the regulatory body.

In addition to the operational safety reviews mentioned above, compre-
hensive and detailed periodic safety reviews should be conducted at inter-
vals of about 10 years. For such reviews, a detailed report by the operating 
organization Is prepared and reviewed internally before its review by the 
regulatory body. The purpose of periodic safety reviews is to confi rm that 
the NPP meets the current safety requirements and is also expected to 
continue to meet them till the next such review. The periodic safety reviews 
should also take into account the feedback from international operating 
experience, new knowledge available from research and the updated proba-
bilistic safety analysis of the plant.

Another useful method for improving operational safety is through peer 
review by teams of international experts. Similarly the work of the regula-
tory body can also be subjected to international peer review. Such peer 
reviews bring in the benefi t of experience from across the globe and the 
information on good practices followed by the operators and the regulatory 
bodies of other countries.

7.8 Longer-term operation and management

There are several areas in which national competence needs to be devel-
oped to be able to service the NPP for its proper upkeep during the longer-
term operation and for future expansion of the nuclear power programme 
in the country. The longer-term operation would include possible extension 
of operation beyond the initially licensed operating period. In addition to 
building national technical capabilities in the major areas described in 
Section 7.7, other important areas for managing the nuclear power pro-
gramme in the longer term are building human resources, developing tech-
nical support organizations, developing national safety standards and 
engaging in international cooperation.

7.8.1 Building human resources for the longer term

Towards building adequate human resources for the longer term and for 
the future expansion of the nuclear power programme in the country, there 
should be regular induction of fresh manpower. These personnel should be 
trained in the various aspects of nuclear science and technology as described 
in Section 7.2.2. Further training in specifi c fi elds should be provided while 
working in their respective areas in the country and by deputing them to 
institutions abroad engaged in advanced work.
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At the NPP site a training centre should be established for training of 
personnel in O&M of the NPP. This centre should have facilities for class-
room training, training using models of equipment and a training simulator. 
The training centre should also conduct refresher training and training for 
relicensing and upgrading the licenses of staff as necessary.

Experienced O&M personnel should be inducted in technical services 
functions such as refuelling outage planning, development of plant modifi -
cation proposals and review of operational activities for possible improve-
ments. Subsequently these experienced personnel can be engaged in the 
task of setting up new NPPs. Experienced O&M personnel can also be 
effectively utilized in carrying out the regulatory and technical support 
functions.

7.8.2 Development of technical support organizations

The operating organization as well as the regulatory body would require 
extensive technical support in a number of areas for effi cient operation and 
effective safety regulation of the NPP. Such support would be needed to 
tackle problems that may arise during operation as also to obtain a proper 
understanding and assessment of the ageing-related degradation of systems, 
structures and components and to fi nd appropriate solutions for their 
longer-term management. Also further analysis and experimental work may 
become necessary in the light of new information from research or operat-
ing experience. In addition, over a period of time the safety standards may 
get revised, leading to the need for implementation of safety upgrades that 
might need substantial engineering development. To cater to these needs 
requisite laboratories and engineering development facilities should be 
established and expertise generated for their effective functioning. Some 
examples of the facilities required are metallurgical laboratories for carry-
ing out failure analysis of radioactive as well as non-radioactive compo-
nents, assessment of the extent of irradiation-induced embrittlement in 
materials and post-irradiation examination of reactor fuel. Examples of 
facilities for engineering development are those required for testing of tools 
and procedures for complex repair and inspection jobs, environmental 
qualifi cation and endurance testing of components and development of 
remotely operated tools.

Capabilities are also needed to carry out various studies and analyses 
such as on atmospheric dispersion of radioactivity under different weather 
conditions, analysis of ageing structures to check on their continued capac-
ity to withstand design loads, and periodic updating of the probabilistic 
safety analysis for a quantitative assessment of the current safety status of 
the NPP. There are other areas also in reactor physics, reactor chemistry, 
control and instrumentation and computer-based systems where the techni-
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cal support organizations will have to play a strong role in support of the 
NPP operation and regulatory effort.

Experience shows that total dependence on the reactor vendor for tech-
nical support over an extended time is neither feasible nor desirable. It is 
therefore necessary to establish technical support organizations in the 
country well before the start of NPP construction and to staff them with 
personnel who have received advanced training in specifi c fi elds. Facilities 
for analysis and engineering development should be set up and progres-
sively augmented for effective functioning of the technical support organi-
zations. Expertise available in the various academic and professional 
institutions in the country should also be utilized such as by awarding 
research projects to these institutions for specifi c development jobs and by 
inducting their experts in advisory committees and in development of 
national safety standards.

7.8.3 Development of national safety standards

Based on experience in design, operation and regulation of NPPs, several 
countries have developed their national safety standards for siting, design, 
construction, operation, decommissioning and quality assurance aspects of 
NPPs. Some international organizations have also developed safety stan-
dards for NPPs that codify the good practices followed globally. In the 
beginning, a country starting its nuclear power programme can adopt or 
utilize these available international safety standards as appropriate. 
However, after gaining some experience it is advisable that the country’s 
regulatory body develops its own safety standards. To start with, the 
emphasis should be on developing those standards where the internation-
ally available safety standards are found to be not directly applicable. 
This could be due to the specifi cities of the NPP design adopted or on 
account of local conditions such as climate, soil characteristics and expected 
frequency or magnitude of natural phenomena like precipitation, earth-
quakes, etc., that may be signifi cantly different from those in other 
countries.

For developing safety standards the regulatory body can engage experts 
from its own staff and from the operating organization, the technical support 
organization and academic and professional institutions in the country. For 
ensuring good quality, formal mechanisms should be in place for thorough 
review of the draft documents before their publication. In addition to the 
safety standards that specify the safety requirements, supplementary docu-
ments like safety guides and safety manuals that provide details on the 
means to fulfi l the safety requirements also need to be developed. The 
exercise of developing national safety standards is by itself a good means 
for enhancing the national technical competence.
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7.8.4 International cooperation

International cooperative activities are an excellent means of learning the 
good practices in operation and regulation of NPPs followed in different 
countries. They can also help in enhancing national capabilities in design, 
analysis and research pertaining to a number of areas like seismic design 
of structures and components, thermal hydraulic analysis, probabilistic 
safety assessment, ageing management of NPPs, analysis of severe accidents 
and means for their management, radioactive waste management, decom-
missioning, safety of computer-based systems and operator response under 
challenging situations. There are several ways for using international coop-
eration for advancing the knowledge and technical competence of staff in 
the operating organization, regulatory body and technical support organiza-
tion, such as through participation in coordinated research programmes and 
standard problem exercises organized by the International Atomic Energy 
Agency. Deputing staff to research centres abroad for advanced training in 
specifi c areas is another useful method.

It is well recognized that use of operating experience feedback not only 
is helpful for improving safety but also improves technical capability for 
analysing incidents to arrive at the root causes and lessons learned to make 
necessary improvements in hardware and procedures. There are several 
means for utilizing the international operating experience feedback such as 
by participation in the Incident Reporting System operated by the 
International Atomic Energy Agency and the Nuclear Energy Agency of 
OECD and a similar system operated by the World Association of Nuclear 
Operators. There are also the operating experience and other information 
reporting systems operated by vendors of NPPs of specifi c designs.

As already mentioned earlier, another dimension of international coop-
eration that is of very signifi cant use for enhancing national technical com-
petence is through international peer reviews. Examples of such peer 
reviews are the operational safety review and regulatory system review 
services offered by the International Atomic Energy Agency and the peer 
reviews organized by the World Association of Nuclear Operators. Peer 
reviews under the various international conventions such as the Convention 
on Nuclear Safety are also useful in this regard.

Cooperation with the regulatory bodies of other countries and participa-
tion in the forums of regulatory bodies of countries operating or construct-
ing NPPs of similar designs is also very useful for improving technical 
capabilities of regulatory staff. Lastly, participation of staff in international 
conferences related to design, operation and safety of NPPs and in work-
shops on specifi c topics will also help in enhancing their technical compe-
tence by way of learning the latest developments around the globe and 
exchange of information with international experts.
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7.9 Decommissioning

After the NPP has operated for its licensed period it will have to be fi nally 
shut down and then decommissioned. Decommissioning may also become 
necessary before the end of the licensed period for other reasons such as 
governmental decision or the operation of the plant being no longer fea-
sible for economic or other reasons. After the fi nal shutdown of the NPP, 
all fuel from the core and radioactive fl uids from the reactor systems are 
removed. The NPP is then kept in a preserved state with appropriate sur-
veillance till the dismantling of its structures and components is taken up 
for its total decommissioning. This waiting period can be several years or 
even a few decades in duration and is decided by factors like the need for 
allowing natural decay of radioactivity in the reactor structure and compo-
nents to bring down radiation fi elds before starting the dismantling. Another 
factor could be the requirement of making the site available for setting up 
new NPPs or for its unrestricted release for public use or for other 
purposes.

It is necessary to develop the required expertise in advance for dealing 
with various aspects of decommissioning. During the design safety review 
prior to the start of construction, a thorough check is made to ensure that 
necessary provisions and features are incorporated in the design to the 
extent feasible to facilitate decommissioning at the end of the design oper-
ating life of the NPP. These would include aspects such as the use of materi-
als in the neutron fl ux region that do not generate activation products with 
very long half-lives, careful segregation of components that will become 
radioactive during operation from those that will not get activated with the 
aim of reducing radioactive waste volumes from decommissioning, and 
provision of material handling facilities for removal of highly radioactive 
components with minimum possible radiation exposure of plant personnel. 
During operation of the NPP care has to be taken to prevent spread of 
radioactive contamination that would unnecessarily increase active waste 
quantities during decommissioning. Also, records must be meticulously 
maintained of any spread of contamination if it occurs and of plant modi-
fi cations and introduction of new materials that might generate radioactiv-
ity, especially with long half-life radionuclides.

During dismantling for fi nal decommissioning, large quantities of radio-
active waste of various types will be generated and its disposal would pose 
a signifi cant challenge. Technical expertise will need to be developed for the 
handling, volume reduction, packaging, transportation and disposal of such 
waste. Criteria will also have to be developed for releasing materials from 
decommissioning for reuse in a nuclear facility or for unrestricted use. 
Dismantling of highly radioactive components is another challenging task 
during decommissioning. Appropriate technologies and tools have to be 
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developed to be able to carry out remote dismantling where necessary to 
minimize radiation exposure of personnel. In some cases dismantling may 
have to be done under water to minimize exposure of personnel and to 
prevent generation of airborne radioactivity. Experience from maintenance 
work carried out during NPP operation will be useful in some cases for such 
development work and therefore it needs to be recorded properly. The 
techniques, tools and procedures for complex jobs should be developed and 
qualifi ed well in advance of actual decommissioning and the technical 
support organizations will have to play a major role in these activities.

7.10 Sources of further information and advice

Food and Agriculture Organization of the United Nations, International Atomic 
Energy Agency, International Labour Organization, Nuclear Energy Agency of 
the OECD, Pan American Health Organization, World Health Organization, 
International Basic Safety Standards for Protection against Ionizing Radiation and 
for the Safety of Radiation Sources, Safety Series 115, IAEA, Vienna (1996)

International Atomic Energy Agency, Near Surface Disposal of Radioactive Waste, 
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8
Application of the justifi cation principle 

to nuclear power development

A. ALONSO, Universidad Politécnica de Madrid, Spain

Abstract: This chapter outlines the justifi cation principle and how it 
could be applied to taking decisions about the development of nuclear 
power. The justifi cation principle compares the economic, social and 
environmental benefi ts derived from a given development against the 
risks and detriments associated with it. When the benefi ts outweigh the 
associated risks and detriments, the intended development is considered 
to be justifi ed. The benefi ts from using nuclear power for the generation 
of electricity arise from its reliability, independence, costs and freedom 
from carbon emissions, while its risks and detriments are associated with 
the generation of toxic radioactive products and strategic nuclear 
materials that need to be kept under control. The justifi cation principle 
could be used to consider the establishment or continuation of a nuclear 
development plan, to select an individual design and the corresponding 
fuel cycle, or to help decide the longer-term operation of an already 
operating plant.

Key words: benefi ts of nuclear power, detriments from nuclear power, 
ethics of justifi cation, justifi cation equation, justifi cation process.

8.1 Introduction

The justifi cation of facilities and activities is the fourth principle of the 10 
‘Fundamental Safety Principles’ introduced by the International Atomic 
Energy Agency (IAEA) in 2006. The principle states that ‘facilities and 
activities that give rise to radiation risks must yield an overall benefi t’ 
(IAEA, 2006). This principle was fi rst introduced by the International 
Commission on Radiological Protection (ICRP) as a basic principle in the 
protection against ionizing radiation (ICRP, 1990) and has mainly been 
applied in medical and other uses of radiation.

Many countries have introduced the justifi cation principle into national 
legislation, although limiting its application to radiation protection in radia-
tion uses. The defi nition of justifi cation given by the IAEA extends the 
application of the principle to facilities and activities where radiation risks 
are present; nuclear power plants and related fuel cycle installations and 
activities lie within this class. Although such installations and activities are 
clear candidates for application of the principles, many countries have not 
included such requirements in their general regulatory practices, with the 
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notable exception of the United Kingdom for general applications (UK, 
2004) and specifi cally for nuclear power designs (UK, 2008), as explained 
in Appendix 1.

Supporters of the application of the principle to the development of 
nuclear power believe that it serves to balance the benefi ts and detriments, 
providing insights into high-level decision processes and aiding the social 
acceptance of nuclear energy. When solving the justifi cation equation, all 
possible benefi ts should be assessed as well as all risks and detriments 
coming from the construction and operation of nuclear power plants, fuel 
cycle installations and related activities. Benefi ts, risks and detriments can 
be economic, social or environmental. All these elements will be described 
in this chapter.

The International Nuclear Safety Group (INSAG) advises that the 10 
IAEA Fundamental Safety Principles be applied to all the different phases 
in the life of a nuclear power plant (INSAG, 2008). The application of jus-
tifi cation to all phases in the life of a nuclear power plant could be very 
effective for the early phases, and it should be considered as part of the 
decision to launch a nuclear power programme and in the selection of 
acceptable technologies. During plant operation, it could also help when 
taking decisions such as enlarging the capacity and long-term operation of 
a nuclear power plant, as well as assisting in extraordinary circumstances, 
such as when recovering from relevant incidents, and equally could also be 
used in selecting the decommissioning level and the technology used for it.

INSAG recommends that the justifi cation principle should be applied by 
new entrants and by those countries interested in expanding their nuclear 
power programmes (INSAG, 2008). Nevertheless, neither INSAG nor the 
IAEA have developed detailed technical guidance on how to develop a 
justifi cation document. The purpose of this chapter is to give such guidance 
on how to develop the terms included in the justifi cation equation.

The application of the justifi cation principle needs a process and a justi-
fi cation authority. A country’s government is responsible for establishing 
the regulatory requirements and corresponding guidance, and for selecting 
the justifi cation authority. Relevant decisions, such as the decision by a state 
to embark on a nuclear power programme, are generally taken at the 
highest levels of government. For other decisions, such as for those concern-
ing the longer-term operation of existing nuclear power plants, the regula-
tory body may determine whether the decision is justifi ed.

8.2 The ethics of the justifi cation principle

The broader meaning given in the IAEA Fundamental Safety Principles 
(IAEA, 2006) to the original ICRP-defi ned justifi cation principle, and par-
ticularly its application to justifi cation of nuclear energy development, leads 
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easily to the conclusion that such an application is based on ancient so-
called teleological ethics which can be expressed in the sentence ‘the ends 
justify the means’. The application of this ethical principle was the basis of 
the utilitarian ethics developed by the British philosopher Jeremy Bentham 
(1748–1832), which considered things moral and therefore acceptable if 
they achieved ‘the greatest good for the greatest number of people’.

Utilitarians hold that an action is moral when the good consequences of 
an action outweigh the bad. Utilitarianism was further developed by John 
Stuart Mill (1806–1873), another British thinker. Utilitarian ideas are alive 
in the justifi cation principle in the sense that the benefi ts of any decision 
should be a determining factor in judging its morality. The decision process 
within utilitarian ethics is presented in Fig. 8.1. Any potential action should 
be analysed to determine its benefi ts and detriments: if the former dominate 
the latter, the action is moral and it should be taken; if the opposite is true, 
taking the action would be immoral.

Despite its global acceptance, utilitarianism has some inherent 
diffi culties:

• Achieving an acceptable end does not justify the means: the benefi ts 
from nuclear power may be well recognized but the means to achieve 
them are still not acceptable to many.

• There is no equity in the distribution of benefi ts and detriments: the 
benefi ts of nuclear energy may affect the whole world, as in the case of 
carbon abatement, or an individual country, in the case of having secu-
rity of service and lower electricity prices, but most of the inconve-
niences go to the immediate neighbouring population.

Decision 
Justification

process 

Utilitarianism:
The moral worth of an action is determined solely by its utility 

Benefits Detriments>>

Moral decision 

Benefits Detriments <

Immoral decision 

Results
obtained

8.1 Decision process in utilitarian ethics. A decision is moral, therefore 
acceptable, when benefi ts surpass detriments.
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• It is not always possible to predict the benefi ts and the detriments with 
certainty, as in the case of avoiding the proliferation of nuclear weapons 
and the expected frequency of potentially catastrophic accidents.

• The results of a justifi cation analysis (quantifying benefi ts and detri-
ments) should also be judged when they are compared. Benefi ts and 
detriments from nuclear power cannot always be measured with the 
same metrics: it is possible to assess risk quantitatively but it is not pos-
sible to quantify perceived risk.

The means to obtain a benefi t constitute a major ethical issue and a dif-
fi culty in the acceptance of the justifi cation analysis. In most countries, the 
development of a nuclear energy programme is mainly a political decision; 
such a programme includes provisions for the construction of nuclear units, 
the selection of a nuclear fuel cycle, the management of used fuel, and the 
management of radioactive wastes. When the justifi cation process is under-
taken rationally, by independent groups of experts using the best tools 
available, and considering all the benefi ts, risks and detriments on their own 
merits, the most probable outcome is a decision to develop the programme, 
because the benefi ts outweigh the detriments.

Such an exercise should be transparent and formally presented for public 
consideration. When such an exercise is analysed by other institutions, those 
dominated by radiation fear and with an exaggerated perception of the risks 
will conclude that the means used, i.e. nuclear reactors and fuel cycle facili-
ties and related activities, do not justify the decision and will stick to the 
use of other sources of electricity. This problem can be addressed by closely 
analysing the safety of the nuclear plants and fuel cycle facilities to be built, 
and the activities to be conducted there. Proving that such installations and 
activities will be constructed and operated in accordance with the IAEA 
Fundamental Safety Principles and related standards should guarantee an 
acceptance of the means used in the justifi cation process.

The intrinsic lack of equity in the distribution of benefi ts and detriments 
is another impediment in the development of nuclear energy. Utilitarianism 
does not protect the rights of everybody equally, although the benefi ts 
should go to the greatest number; the benefi t of enjoying lower electricity 
prices is a national and collective asset, but the individual benefi t is propor-
tional to the amount of electricity each person consumes. By contrast, 
radiological risks and potential detriments are larger for those closer to the 
installations. This issue is addressed by compensating detriments with taxa-
tion and subsidies, in addition to the rather positive direct and indirect 
advantages derived from the installations within local, county, provincial 
and state territories.

Uncertainties about the basic data and the tools available to determine 
benefi ts and detriments, and diffi culties in using the same metrics, are also 

�� �� �� �� ��



 Application of the justifi cation principle 227

© Woodhead Publishing Limited, 2012

serious impediments in any fi nal comparison exercise. Some of the tools 
available, mainly those used for economic analysis and risk estimation, are 
well developed but the data used may be uncertain. To cope with those 
problems, analysts make projections by varying key parameters. Ensuring 
the use of the same metrics is more complicated: to allow it, a so-called 
alpha value has been developed to assign a monetary value to the radiation 
dose received or averted, but this technique is not globally accepted.

The results of any decisions taken should be analysed to determine if any 
predictions made have been achieved, and to introduce corrections if neces-
sary. Intermittent natural energies, mainly wind and solar, are being pro-
moted by supranational organizations, such as the European Union, and by 
individual countries, while other countries have developed ambitious 
nuclear development programmes; the impact of the Fukushima event will 
cancel or retard the execution of some of these programmes while others 
will continue as originally established. There will be countries where nuclear 
energy will be promoted, while in others nuclear energy may be banned 
completely, and there could also be countries using a diversity of energy 
sources. In the coming decades, each country will have an opportunity to 
check the soundness of the decisions they have taken, and in each case the 
public has the right to be informed.

8.3 The justifi cation process

Any justifi cation exercise, whether relating to a simple new medical or 
radiation application, a new nuclear power programme or any other nuclear 
installation or relevant activity, should be undertaken within a formal regu-
latory process. Such a process will provide a list of projects which can be 
submitted for justifi cation, defi ne the corresponding justifi cation authority, 
incorporate guides for submitting the different types of justifi cation, provide 
for effective stakeholder participation and defi ne the legal value and scope 
of any decision taken.

The justifi cation principle is included in most regulatory requirements 
concerning radiation protection but has only been developed for radiation 
applications in some countries, and only in the United Kingdom have regu-
lations been fully developed for justifi cation of nuclear power installations. 
In 2004, new regulations were enacted to develop the justifi cation principle 
(UK, 2004). These regulations included 27 articles and four schedules; 
among other legal aspects, they defi ne those installations and practices that 
should undergo a justifi cation request, the process for requesting justifi ca-
tion, the authorization authority and public participation in the process.

In March 2008, the UK Secretary of State for the then Department for 
Business, Enterprise and Regulatory Reform (BERR), in consultation with 
the Department for Environment, Food and Rural Affairs (DEFRA), 
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issued a guidance document (UK, 2008) specifi cally aimed at applicants 
wishing to seek a decision under the justifi cation regulations to justify new 
nuclear power. That guidance sets out the process for submitting applica-
tions and outlines the decision-making process for such justifi cation. The 
guidance note defi nes justifi cation as ‘a high-level assessment to assess the 
benefi ts and any health detriment associated with a particular class or type 
of nuclear practice’. It clearly indicates that ‘it does not, by itself, authorise 
the construction or operation of any particular plant or activity, nor does it 
replace the detailed safety, security and environmental assessments carried 
out by the nuclear regulators’.

The BERR interpretation of justifi cation requires an assessment of the 
potential radiological health detriments associated with the practice, but 
also other potential detriments that could be signifi cant when considered 
against the benefi t derived from the practice. Following this guidance, the 
Nuclear Industry Association (NIA) submitted to the Department of 
Energy and Climate Change (DECC) – considered to be the justifi cation 
authority in this particular case – an application for justifi cation of new 
nuclear power stations (NIA, 2008), with reference to the two designs (the 
AP1000 from WEC, and the EPR from AREVA) which, at that time, had 
successfully completed Step 2 of the Generic Design Assessment (GDA). 
This subject is developed further in Appendix 1.

The responsibility for preparing, drafting and submitting an application 
for justifi cation may lie with an ad hoc group of specialists, with any industry 
or association of industries, or with any licensee responsible for a given 
installation. Subjects to be justifi ed may include a national nuclear power 
programme, a cluster of nuclear power designs, a nuclear research centre 
(including research reactors), a fuel cycle management policy, or the trans-
portation of nuclear materials and radioactive waste.

In all cases, there should be a justifi cation authority. Indeed, the nature 
and aims of the justifi cation principle require the existence of a justifi cation 
authority with the capacity to decide whether a given request should be 
considered justifi ed. The rank of such an authority may vary in accordance 
with the magnitude and the nature of the issue to be justifi ed. The decision 
to introduce a nuclear power programme for the fi rst time, or to construct 
large installations, should lie under the authority of the head of government 
or a suitable minister of state, generally under parliamentary control. The 
decision to build a fi nal repository for long-life high-level waste should also 
be the decision of the government. In both cases, the basis for the decision 
should be a justifi cation exercise produced by national experts and incor-
porating external advisers, when needed.

The decision to enlarge the service life of operating nuclear power plants 
beyond the life assigned in the original design should be taken by a minister 
of state or similar authority responsible for energy. A justifi cation report 
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should be prepared and submitted by the plant owner/operator to the jus-
tifi cation authority. In this particular case, the nuclear regulatory organiza-
tion has to verify that such longer-term operation will maintain the design 
basis, and that the ageing process can be managed. The justifi cation will not 
impede or impair the safety evaluation of individual plants by the regula-
tory authority; it simply ensures that such types of request are considered 
properly.

The process should be open to stakeholder involvement through a formal 
process, as explained by the IAEA International Nuclear Safety Group 
(INSAG) (INSAG, 2006). The intensity and coverage of stakeholder par-
ticipation may vary considerably: it may cover the whole country, and even 
neighbouring countries, such as when considering embarking on a new 
nuclear power programme or deciding the location of a fi nal waste reposi-
tory. It could be limited to a particular state or province and their neigh-
bours, as in the case of the construction of a new nuclear installation, or be 
limited to the neighbourhood and the area of infl uence of an existing instal-
lation. But whatever the case, there should be a well-established procedure 
for stakeholder intervention, and the justifi cation authority should make its 
decision after a careful analysis of all their submissions.

A justifi cation decision only implies that the issue requested is acceptable 
and can be put into practice, for example that a proposed nuclear power 
programme can be conducted within the limits and conditions stated in the 
decision, and that nuclear installations and relevant activities are acceptable 
as described. The decision is not a licence and does not compromise any 
regulatory decision, nor the regulatory process itself. One of its main values 
resides in the fact that the decision takes into account other types of con-
sideration beyond nuclear safety and security, and radiological protection, 
and that it has considered the opinion of society at large.

8.4 The terms of the justifi cation equation

Justifi cation has to prove that the benefi ts from a programme, or from the 
installation of the activity analysed, will override the ensuing risks and 
detriments. Therefore, all terms in the equation have to be defi ned and 
quantifi ed to the best possible level. Not all elements can be quantifi ed, nor 
do they use the same metrics. Moreover, not all benefi ts, or the risks and 
detriments, relate to the same recipients. Economic, social and environmen-
tal benefi ts should apply to well-defi ned receptors, defi ned as follows:

• The world: a reduction of the geopolitical tensions created by the 
depletion of conventional fuels; a reduction of carbon emissions; the 
enhancement of worldwide commercial activities and technology 
interchanges
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• The nation: an improvement of the country’s energy independence; an 
upgrading of the reliability and security of electricity production; an 
improvement in the country’s scientifi c and technical expertise

• Individuals within the area of infl uence: an increase in monetary reve-
nues through taxes and subsidies; a development of business and com-
mercial transactions; a reduction of unemployment.

Similarly, risks and detriments also have an effect on the same receptors:

• The world: expansion of proliferation risks; an increase of radiation risks 
coming from worldwide activities related to fuel cycle activities; a growth 
in the international transportation of nuclear materials and radioactive 
waste

• The nation: an increase in the fi nal repository of radioactive waste; an 
increase in activities related to emergency management; the radiological 
environmental impact of installations and related activities

• Individuals within the area of infl uence: risks from radiation exposure to 
radioactive effl uents (planned exposures); risks associated with emer-
gency situations (potential exposures); non-radiological environmental 
impacts.

Some of the items above are amenable to quantifi cation in monetary terms 
or by other means, but most of them are subjective and country-dependent. 
The items amenable to quantifi cation will be considered in detail, whilst 
those which are subjective are treated as such in the following paragraphs. 
Both the benefi ts and the risks and detriments are closely associated with 
characteristics specifi c to nuclear energy, and discussion of them constitutes 
the backbone of this chapter. The risks and detriments come from the need 
to prevent and mitigate accidents with radiological effects, the generation 
of radionuclides by fi ssion and activation, and the generation of strategic 
materials.

8.5 The benefi ts of nuclear energy

The benefi ts of nuclear energy are related to its potential to replace fossil 
fuels, reduce carbon emissions and hence control climate change, and the 
potential increase of scientifi c and industrial progress deriving from an 
intellectually and technologically intense activity, together with the social 
and economic development of the societies affected.

As discussed in the previous section, the whole world benefi ts from the 
substitution of oil and gas by nuclear power for the generation of electricity, 
as a result of the corresponding decrease in the emission of greenhouse 
gases, and by the increase in commercial activities and technology inter-
changes between nations. Similarly, the whole of a country benefi ts from 
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the increased reliability and potential lower costs of electricity, and local 
and regional populations benefi t from taxes and subsidies, and from the 
direct and indirect economic and developmental effects of nuclear activities. 
All these benefi ts are closely related to particular characteristics of nuclear 
power, which will now be considered in the following sections.

8.5.1 Nuclear power is capital intensive

The costs of electricity generated by different sources should include the 
cost of the plant, the cost of the fuel, and the cost of operation and main-
tenance (the economics of nuclear power are considered in detail in Chapter 
15 of this book). The cost of the nuclear plant is the most relevant of the 
three component costs which, all considered, make nuclear power the 
cheapest producer of base load electricity (though only if discount rates are 
reasonable and the plant can be put into operation as designed). Long 
delays caused by licensing requirements, equipment supplies or other causes 
can change that situation, this being the reason why utilities insist on reli-
able licensing processes and government guarantees.

Prices (quoted here in US dollars per kilowatt of electric power) vary 
considerably. The cost of plants built recently in Japan and South Korea has 
been quoted as close to $3000 per kW, while the Olkiluoto and Flamanville 
plants under construction in Finland and France, respectively, may cost 
more because of delays in construction.

Many national and international institutions constantly estimate the costs 
of electricity from various sources. The NEA/OECD, in cooperation with 
the International Energy Agency, estimates costs on a regular basis and 
provides updates (OECD, 2011). Likewise, industry institutions such as the 
World Nuclear Association (WNA) also provide updates on nuclear power 
plant economics (WNA, 2011). In all cases, electricity costs from nuclear 
power are comparable with those from coal, and are cheaper than those for 
gas and renewable sources. When a carbon tax is imposed on coal and gas, 
nuclear power becomes the most competitive source.

8.5.2 Nuclear fuels as a substitute for fossil fuels

Fossil fuel reserves and potential resources are under constant evaluation. 
New deposits are found by exploration and by applying new extraction 
technologies, but the consumption rates of such fuels are increasing, mainly 
in developing countries. Because such resources are fi nite, they cannot be 
sustainable for a long time. Coal deposits are more abundant that oil and 
gas, but they too will come to an end. To avoid geopolitical tensions, it is 
necessary to use new sources of electricity production; it was this need 
that was at the root of the development of nuclear power for electricity 
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production. The world growth of electricity production and the depletion 
of fossil fuels are the reasons why international institutions (NEA, 2008) 
are encouraging the construction of new nuclear power plants, and why 
individual countries, even countries with large reserves of gas and oil (such 
as the United Arab Emirates), have already embarked on the construction 
of nuclear power plants.

The steady substitution of oil and gas by nuclear power stations will 
moderate the effects of the increasing unavailability and potentially increas-
ing prices of oil and gas as reserves diminish. Although uranium and thorium 
resources are large, they are also fi nite and will only be made sustainable 
for many centuries with the introduction of fuel reprocessing and breeder 
reactors. Such technology is already available. Fuel reprocessing is com-
mercially conducted in France, the UK and other countries; fast breeder 
reactors, up to a technological and even commercial demonstration level, 
have been operated for years in France, the UK, Russia and Japan. New 
developments are now being considered and there are no intrinsic problems 
that could prevent the full commercial deployment of such technologies. 
Although these considerations are diffi cult to evaluate in numerical terms, 
they are clearly on the benefi ts side.

8.5.3 Reduction of carbon emissions

Scientifi c interest in understanding climate changes due to greenhouse 
gases began in the late nineteenth century with the Swedish chemist Svante 
Arrhenius, and such interest has developed considerably since that time. 
The history of such developments is described by the science historian 
Spencer R. Weart in his book The Discovery of Global Warming (Weart, 
2008). Today there is no doubt that global warming, fi rst noticed during the 
industrial revolution, is due to the increase of greenhouse gases, mainly CO2 
from anthropogenic sources, of which electricity generation is a part. The 
effort now is being put into determining the relationship between CO2 in 
the atmosphere and the increase in air temperature at soil level.

The United Nations sponsored Intergovernmental Panel on Climate 
Change (IPCC), created in 1987, is currently the international organization 
responsible for reviewing and consolidating research on climate change and 
its effects. Since all nations share the atmosphere, climate change affects 
everyone, so control of carbon emissions is a global bonus. Any efforts made 
to reduce such emissions by using nuclear power instead of fossil fuels is a 
benefi t for the whole world.

The IPCC produced major assessments on the climate change situation 
in 1990, 1995, 2001 and 2007. The fi rst report underscored the seriousness 
of the risks associated with climate change and it was the driver for the 1992 
UN Earth Summit in Rio de Janeiro, which led to the UN Framework 
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Convention on Climate Change (UNFCCC) and, later, in 1997, to the Kyoto 
Protocol. A clash between the requirements of developing and developed 
countries delayed the entering into force of the Protocol to 2005 and limited 
its validity to 2012. The Protocol established that developed countries 
should achieve an average 5.2% cut in CO2 emissions by 2008–2012, when 
compared to 1990 levels (UN, 1998). The Protocol created an emissions 
market and defi ned the so-called Clean Development Mechanism (CDM) 
which is non-applicable to nuclear projects. Developments expected after 
2012 are not yet well defi ned.

One of the major worldwide advantages of nuclear power is its limited 
greenhouse gas emissions and its therefore corresponding contribution to 
a reduction in climate change (UIC, 2001). The nuclear fi ssion reaction is 
anaerobic, i.e. it does not need air to generate energy, as is the case with 
fossil fuels. Fossil energy may be needed in the nuclear fuel cycle, for uranium 
mining and milling, conversion, enrichment, fuel fabrication, reprocessing 
and waste deposition and related transportation activities. The fabrication 
of components, construction and assembly of a nuclear power plant and its 
dismantling need fossil energy in the same way as other electricity generat-
ing installations of a comparable size. The operation of a nuclear power plant 
is, however, generally free from carbon emissions, except for some safety 
and ancillary equipment such as emergency diesel generators, which have 
to be tested periodically, and boilers for heating sanitary and process water.

The release of CO2 from the different sources of generating electricity 
has received considerable attention. Up to the year 2000, it was estimated 
that nuclear energy could release up to 16 t CO2/GWh (Spadaro, 2000), 
while the release from coal and natural gas could amount to 1100 and 450 t 
CO2/GWh, respectively. These data are approximations that have been 
recently refi ned. First, there are differences in the type of coal and the 
thermal effi ciency of the plant being considered: lignite can produce 1200 t 
CO2/GWh, while hard coal is limited to 1070 t CO2/GWh and can even go 
down to 974 t CO2/GWh for modern high-effi ciency plants. Figures for gas 
combustion in conventional stations can be 650 t CO2/GWh, down to 450 t 
CO2/GWh for modern combined cycle plants. There are also variations in 
nuclear power plants mainly due to the enrichment process used: the gas 
diffusion process needs close to 50 times the energy needed in the gas 
ultracentrifugation process, and it can be as low as 5 t CO2/GWh. The data 
quoted here are taken from a number of different sources (NEA, 2008; 
Richter, 2010).

The data quoted for nuclear power include so-called plant life-cycle emis-
sions, made up of the CO2 released in making the steel and concrete used 
in the plant, as well as that generated during dismantling and radioactive 
waste management, divided by the energy produced by the plant during 
its expected lifetime; to this is added the emissions involved in fuel cycle 
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activities, including transportation and the limited direct emissions from 
operation. Longer-term operation of nuclear power plants therefore reduces 
their carbon footprint. This concept also applies to other carbon-free power 
sources, such as wind and solar power; as for nuclear power, the CO2 foot-
print during operation of these sources is limited to maintenance and ancil-
lary operations. Within this context, CO2 emissions from wind turbines are 
comparable to those of nuclear power, while those of solar power are two 
to three times larger.

With the basic data provided above, it is possible to determine the CO2 
emissions that are avoided by using nuclear power instead of coal or gas. 
For one GWe nuclear plant operating with a 90% capacity factor, 7.6–9.3 
million tons and 3.5–6.2 million tons of CO2 are effectively saved per year 
compared to that generated if the same energy were produced by coal and 
gas plants, respectively (depending on the technology used and the type of 
coal). The CO2 avoided carries a monetary value when using the Cap and 
Trade scheme already practised within European Union member states.

A recent report produced by the United Kingdom Committee on Climate 
Change states that ‘nuclear generation in particular appears likely to be the 
most cost-effective form of low-carbon power generation in the 2020s (i.e. 
before costs of other technologies have fallen), justifying signifi cant invest-
ment if safety concerns can be addressed’ (CCC, 2011). Similar results have 
been found by the International Energy Agency in its economic evaluation 
of ways to reduce the carbon content of the atmosphere to 500 ppm by 
2050.

8.5.4 Worldwide commercial activities 
and technology interchanges

Nuclear power has a distinct global dimension and its potentially wide-
spread deployment will bring to the world an intense commercial and 
fruitful technological interchange, with the potential to improve other tech-
nologies too. It demands modern science and high technology and requires 
a complex fuel cycle and, as such, its global introduction will create an 
exchange of experts who will disseminate scientifi c and technological 
knowledge and experience for the benefi t of every country involved.

During the pioneering years, the so-called nuclear countries developed 
many different technologies for the peaceful use of nuclear power. Although 
many prototypes were tested, today those technologies have been reduced 
to light water reactors (LWR) in the form of pressurized water reactors 
(PWR) and boiling water reactors (BWR), fi rst developed in the United 
States and in the old Soviet Union, and heavy water reactors (HWR), the 
CANDU models, which have been developed in Canada and India. The UK 
chose to continue with their advanced gas-cooled reactors (AGR). Other 
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industrialized countries have developed their own copies: France, in par-
ticular, developed its own PWR models, the former West Germany several 
PWR and BWR versions, and Sweden a BWR reactor system. France and 
Germany also developed the EPR model which is now promoted by the 
French company, Areva.

Other countries, in particular Japan, South Korea, Italy and Spain, bought 
several PWR and BWR models and established a well-developed scientifi c 
and technical infrastructure. In 1987, Italy decided to cancel and dismantle 
all its nuclear power plants, whilst in 1983 Spain decided to establish a 
moratorium on the construction of new nuclear power plants. By contrast, 
Japan and South Korea decided to continue their nuclear development and 
have now become providers of nuclear designs. The now united Germany 
decided in 2000 to dismantle its well-developed nuclear industry. More 
recently, after installing different foreign models, China has been able to 
develop its own PWR model.

It is expected that light water reactors (with possibly a few heavy water 
reactors) will be the preferred option in the near future, supplied by a 
limited number of providers. The country importing the technology will 
have an opportunity to participate in the design, manufacturing of compo-
nents, assembly and construction of its plants, and will be responsible for 
their operation and the management of radioactive waste and used fuel. 
Moreover, the technology associated with the fuel cycle is equally compli-
cated and global. Uranium mining and milling could be performed by 
nationals of the countries where reserves are found. Enrichment and fuel 
manufacture are more complex technologies but they can be managed in 
many countries. Reprocessing is more technology intensive and non-prolif-
eration sensitive, and may not be open to all. The activities mentioned above 
need international transportation of heavy components, radioactive materi-
als and nuclear fuels. All these activities create positive international com-
merce and a transfer of technology.

8.5.5 Energy independence and security of supply

A nation developing nuclear power or simply building a new power station 
benefi ts from improved energy independence from the outside world, with 
upgrading of the reliability and security of electrical production, and pro-
motion of the educational, scientifi c and technical development of the 
country.

Countries appreciate being energy independent from other countries. 
Energy independence means supply security and price stability. Countries 
which are dependent on energy from external suppliers cannot control their 
economies and can be the subject of energy embargoes – circumstances 
which have occurred frequently, historically. The energy policies of most 
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countries strive to maintain their independence from other countries as 
much as possible. Energy independence should not be confused with inter-
dependence, i.e. mutual dependence, which favours trade and interchange 
among the parties.

Energy independence is achieved by substituting fossil fuels with domes-
tic products, such as developing nuclear power that directly replaces fossil 
fuels for the generation of electricity. In fact, energy independence is a 
major driver for nuclear power. The UK government was not interested in 
new nuclear builds until it realized that its gas and oil reserves in the North 
Sea had been exhausted and that it had to import such commodities. Many 
European countries are heavily dependent for energy on Russian gas and 
on oil from the Gulf and North African countries, and their energy situation 
is vulnerable. Because of nuclear phobia (very intense in some central 
European countries) and the risks associated with climate change produced 
by CO2 emissions, the current policy of the European Union is to develop 
wind and solar power, probably beyond their technical and economic pos-
sibilities. Such developments are only possible if they are heavily subsidized, 
which has a negative impact on economic development.

Replacing fossil fuel by nuclear energy does not necessarily make coun-
tries completely energy independent, but certainly improves the situation. 
The approximate specifi c energy delivered by natural gas is 55 MJ/kg and 
half that amount for hard coal, while low enriched uranium in current 
LWRs can produce some 3.9 × 106 MJ/kg. This considerably simplifi es fuel 
transportation and storage issues. Moreover, uranium resources are more 
evenly distributed than gas and oil; reserves are abundant and the volatility 
of prices more limited. Apart from that, the cost of the fuel cycle represents 
only some 15% of the generated electricity cost, from which only 5% cor-
responds to the price of the natural uranium.

To assess the benefi ts obtained from gaining energy independence by 
selecting nuclear power, the volatility of fossil fuel prices and the stability 
of nuclear fuel pricing have to be compared, as well as the cost of storing 
such fuels to control supplies and the impact of fuel on the production cost 
of the electricity generated.

The 15 millennia of accumulated operating experience of the world’s 
nuclear power plants has proved that, on average, they can now operate 
reliably within load factors close to 90%. Some plants have refuelling 
outages every one to two years, lasting three to six weeks, and generally 
operate continuously at nominal power in between outages. Although 
they can change power, these plants are designed to provide load-based 
electricity and are not suitable for following demand. In this sense, they 
cannot provide backup power for intermittent sources, such as solar and 
wind, but can be good substitutes for large coal and gas power stations.
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The net benefi ts provided by this characteristic are country dependent. 
A nuclear power plant which is part of a national electricity grid can provide 
stability to the grid whilst, for safety and operational reasons, the nuclear 
plant itself requires the grid to be stable at the same time. It is essential that 
there is an equilibrium between generation and demand; when this equilib-
rium is lost, the grid becomes unstable and there could be limited or even 
complete blackouts. To avoid such situations, generating plants have to be 
able to provide primary regulation (within seconds) for small fl uctuations, 
secondary regulation (within minutes) for larger perturbations, and also 
tertiary regulation (within hours) to fully recuperate any perturbed equi-
librium. Nuclear power plants have the capability of reliably maintaining 
power and responding to small fl uctuations but they are not normally used 
for secondary regulation.

8.5.6 Impact on educational, scientifi c and 
technical development

Nuclear science and technology is highly demanding intellectually, and 
nuclear deployment requires a high level of expertise in human resources 
(as presented in Chapter 6 of this book). Past experience has shown that 
the introduction of nuclear power in a country can be the driver for the 
establishment of new educational programmes, scientifi c and technological 
institutions, and organizations and research centres. As nuclear science and 
technology also have other uses, these new institutions and activities can be 
considered benefi cial for a country as a whole.

The stagnation of nuclear development created in many countries after 
the Three Mile Island unit 2 (TMI-2) and Chernobyl-4 accidents was imme-
diately detected in educational systems. Nuclear courses that were very 
prominent and well attended in the 1970s and during the fi rst half of the 
1980s in European and American universities almost completely disap-
peared. Most of the high-level experts prominent in those years are now 
entering retirement age, and thus a gap in high-level human resources is 
growing. This situation has been recognized by international and suprana-
tional organizations such as the IAEA, the NEA/OECD and the European 
Council, as well as by leading nuclear technology countries. INSAG has also 
voiced its concern over the need for human resources in nuclear safety 
research (INSAG, 2003) and new educational programmes have been 
created to cope with the situation.

The IAEA has created a new series of teaching modules and materials 
which are described in Appendix 3 of this book. A World Nuclear University 
(WNU) was created within the World Nuclear Association (WNA) and the 
World Association of Nuclear Operators, which also has the support of the 
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IAEA and the NEA/OECD, and which includes leading universities and 
nuclear education institutions in more than 30 countries. The WNU is a 
‘global partnership committed to enhancing international education and 
leadership in peaceful applications of nuclear science and technology’.

Similarly, in Europe, a programme (within the fi fth framework pro-
gramme for research and training activities) was launched on high-level 
nuclear engineering education, giving rise to the European Nuclear 
Education Network (ENEN), a non-profi t association formed in 2003. As 
of March 2011, the ENEN has 60 members and partners in 18 EU countries, 
South Africa, the Russian Federation, Ukraine and Japan, consisting of 33 
effective members, primarily academics, and 27 associate members, includ-
ing nuclear research centres, industries and regulatory bodies.

A similar organization, the Asian Network for Education in Nuclear 
Technology (ANENT), was created within the auspices of the IAEA to 
serve the Asian countries, ‘to promote, manage and preserve nuclear knowl-
edge and to ensure the continued availability of talented and qualifi ed 
human resources in the nuclear fi eld in the Asian region and to enhance 
the quality of the resources for sustainability of nuclear technology’. As of 
May 2011, the ANENT network had 17 State Members, six Collaborating 
Members and six potential Collaborating Members. In a similar way, many 
countries are fostering high-level nuclear education with positive results, 
and education and training at the technician level has also been fostered in 
many countries and organizations.

Research and development also declined during the stagnant period 
following the TMI-2 and Chernobyl-4 accidents, with the exception of 
research into severe accidents, nuclear safety research into operating 
nuclear power plants, and the management of radioactive waste and used 
fuel. Research on severe accidents was increased in the USA after the 
TMI-2 accident within an international context initiated by the International 
LOFT Project. Research projects were undertaken on all associated phe-
nomena, including an investigation of the behaviour of the molten core 
when outside the pressure vessel. The knowledge gained has been used to 
improve the design of new reactors and presented at many national and 
international conferences, as part of the Euratom-driven FISA meetings 
(FISA, 2001, 2003, 2006).

Nuclear safety research into how to operate nuclear power plants is nec-
essary to understand the ageing mechanism and to provide information for 
the longer-term operation of these plants. The NEA is the international 
organization of reference, publishing documents on research needs. INSAG 
has also expressed concerns about the importance of nuclear safety research 
(INSAG, 2003).

Countries with already operating nuclear power plants as well as new 
entrants building their fi rst nuclear power plants should boost education at 
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university and vocational level, and reinforce or create nuclear research 
centres, participating in international research projects commensurate with 
their needs. There will be direct and indirect benefi ts as a result of such 
efforts. Once a nuclear power plant is transferred from the reactor supplier 
to a national operating organization, the primary responsibility for its oper-
ation rests within the licensee, under the supervision of the regulatory 
authority. That responsibility requires knowledge and expertise and cannot 
easily be transferred to contractors.

Knowledge and expertise of nuclear matters also gives indirect benefi ts 
such as an improvement of the scientifi c and technical development of the 
country, which can be applied to other industries and activities. An evalua-
tion of these benefi ts can be made by analysing the technical and scientifi c 
developments which other former entrant countries have achieved.

8.5.7 Taxes and subsidies developing the area of infl uence

Enquiries conducted among people living near operating power plants 
show a positive acceptance of nuclear energy. There are at least three 
reasons for that acceptance: the socio-economic benefi ts from the nuclear 
power plant; growing confi dence in the operators through a policy of trans-
parent dialogue and information; and the remote perception of a nuclear 
risk. In this section, the socio-economic benefi ts of a nuclear power plant 
are examined.

Most nuclear power plant owners have conducted studies on the socio-
economic impacts that they produce in their areas of infl uence. The US 
Nuclear Energy Institute (NEI) has so far conducted 13 such studies which 
include 22 nuclear units, from which some general statements have been 
published. Other institutions, mainly university departments, have con-
ducted analyses for other plants (Exelon, 2008). Moreover, local economic 
impact assessments have also been conducted for decommissioning (PG&E, 
2010) and for the Yucca Mountain nuclear waste repository (University of 
Nevada, 2003).

The methodology used is based on so-called input–output analysis, avail-
able on the market. The application of such models is explained in Section 
6 of the NEI analysis of the economic benefi ts that the institution has so 
far conducted (NEI, 2008). A number of commercial models are available, 
with Impact Analysis for Planning (IMPLAN) being the one used in the 
NEI evaluations.

IMPLAN analyses the interrelations between input-demand and output-
supply for any activity, such as the construction, operation and dismantling 
of a nuclear power plant, within a defi ned geographical region. The aim of 
the analysis is to determine the expenditures that the plant will bring to the 
region, the income generated for local businesses and households, the 
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number of jobs that the plant may provide for the different stages in its life, 
and the tax revenues generated.

The impacts of the plant on the regional area of interest will include not 
only direct impacts, i.e. the initial impacts from bringing the plant to the 
region, but also secondary effects produced by those fi rst impacts, i.e. the 
demand for goods and services will itself generate new employment and 
additional spending to deliver the goods and services requested by the plant 
and by other potential customers. The addition of the two effects is called 
the total effect, and the ratio between total and direct effects is called the 
multiplier effect, which can be obtained for each individual effect, such as 
an increase in jobs, earned income, industry output or revenue from taxa-
tion. Multipliers can be obtained for local, county, provincial and state areas.

From the experience obtained through these studies, NEI has published 
a Fact Sheet which summarizes the contributions of nuclear power plants 
to state and local economies in the US (NEI, 2010). The values given are 
normalized averages (normalized to 1 GWe of installed capacity) from the 
22 units analysed:

 1. Employment. Building a new nuclear power plant will result in the crea-
tion of 1400 to 1800 jobs, with peak employment as high as 2400 jobs. 
During operation each unit generates from 400 to 700 permanent jobs, 
receiving salaries 36% higher than existing average local salaries. Such 
an increase in population may generate an equivalent number of local 
jobs for the goods and services needed.

 2. Local economic benefi ts. The operating plant will require direct goods 
and services for some $430 million in the local communities and $40 
million for labour income, to which indirect effects, amounting to some 
7%, have to be added.

 3. Federal, state and local taxes. On average, federal tax payments will 
amount to $75 million, while provincial and local tax revenue will 
amount to $20 million per year. These taxes are used to create state and 
local infrastructure.

 4. New plant construction. The construction of a new nuclear power plant 
boosts the supply of commodities such as concrete and steel, and hun-
dreds of components and services, such as transportation. It has been 
estimated that a new nuclear power plant may need some 1 million m3 

of concrete and 66,000 tons of steel, 70 km of piping, 480 km of wiring, 
and 130,000 electrical components. Although the major nuclear compo-
nents come from other places, many items could be provided within the 
area of infl uence.

Spain has also developed studies on the local socio-economic impacts 
of nuclear power plants. A study conducted by the Burgos University 
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Department of Economics at the Nuclenor-owned Garoña plant (a 460 
MWe GE-BWR) concluded that between 1992 and 2006 the plant spent 
180 million on local goods and services, and provided local tax revenues 
amounting to 16 million. The plant also invested about 116 million per year 
in plant retrofi tting, technological innovation, and research and develop-
ment (NUCLENOR, 2007). The study makes an analysis of the social and 
economic evolution of the population within a 35 km radius of the plant, 
from before construction to 2007, i.e. after 37 years of operation, by measur-
ing unemployment, commercial activities, industrial development, fi nancial 
entities and the increase of cars and telephones. To separate the impact from 
the plant, the results have been compared with the corresponding average 
numbers for the rest of the provincial territory. Factors of 2 have been found 
for some of the indexes.

Another study was conducted for the Ascó and Vandellós plants operated 
by ANAV (which include three W-PWR, of one GWe each). The study was 
undertaken by the Rovira i Virgili University (URV) in the city of Tarragona 
using the output–input methodology described above (ANAV, 2011). It 
found that output to the Catalonian economy from the activities of ANAV 
and its workers is four times the initial input during the fi ve-year period 
from 2004 to 2008. This factor is 3.3 when the territory is limited to the 
province of Tarragona, where the plants are located. Similar results are 
obtained for the employment created.

8.6 Risks and detriments of nuclear energy

The risks and detriments involved in nuclear power development come 
from three major characteristics of nuclear energy: it is energy intensive, it 
generates radioactive material and it generates strategic material. To avoid 
damaging accidents, the chain reaction, the transfer of heat and the confi ne-
ment of radioactivity have to be kept under strict control by nuclear safety 
measures. To protect the health and safety of workers, the general public 
and the environment, radioactive materials have to be confi ned for lengths 
of time well beyond when they were fi rst produced, requiring the establish-
ment of a radioactive waste management system and a fi nal repository 
strategy. The production of strategic materials creates the risk of nuclear 
weapons proliferation, which needs to be controlled by tough security mea-
sures. As a large industrial installation, nuclear power plants also create 
non-radiological detriments: there is an increase in light and heavy traffi c, 
noise, pollution, aesthetic impacts and heat releases. To a greater or lesser 
degree, some of these aspects may affect the whole world, the country 
where the nuclear power is developed, and/or the region where nuclear 
power plants are operated.
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8.6.1 Nuclear safety and the perception of risk

A nuclear reactor core has to maintain two equilibria: the rate of neutrons 
produced has to be equal to the rate of neutrons lost, and the rate of heat 
generated has to be equal to the rate of heat removed. Both equilibria are 
linked through so-called reactivity coeffi cients, the values of which make 
the system stable or not. Perturbations in these equilibria may be intro-
duced by internal or external causes and by human error. Consequently, the 
design of a reactor has to contemplate all the possible inputs and determine 
how the plant will react against them in such a way that no damage to the 
core is produced and no release of radioactive products should occur; under 
these circumstances, the reactor is declared safe.

Nevertheless, accidents may occur when not all the potential inputs (or 
a combination of them) have been considered, when their magnitude has 
not been measured properly, when multiple human errors have been com-
mitted, or multiple safety equipment is unable to work due to common-
cause failures. Combinations of all these are possible, although remote. 
When such accidents occur, there is a possibility that radioactive products 
will be released to the exterior, with the likelihood that the health and safety 
of people will be affected and that environmental contamination by radio-
active products will occur.

The accident at TMI-2 was due to a combination of equipment failure, 
poor maintenance and human error, the accident at Chernobyl-4 was caused 
by human mismanagement of the reactor’s unstable condition (INSAG, 
1992a), whilst the accident at Fukushima-1 had its origin in the multiple 
common-cause failures produced by an earthquake and a following tsunami, 
against which the plant was not designed. In TMI-2 the release of radioac-
tivity was limited and the health and safety of people was not at risk; in 
Chernobyl the release was very large and the radiological consequences 
very serious; in Fukushima-1, the release from the three affected units was 
about one-tenth that of Chernobyl but the radiological consequences were 
limited, due to an effi cient emergency management.

Relevant lessons have been learned from such events and these lessons 
have served to improve the safety of present and future nuclear power 
plants. These accidents demonstrate that absolute safety is not achievable, 
and that there will always be a residual risk, although that it should be as 
low as possible, and acceptable. Prevention of accidents and mitigation of 
their consequences is the main aim of nuclear safety.

The safety level of nuclear installations and activities that give rise to 
radiation risks can be improved and maintained by following the IAEA 
Fundamental Safety Principles (IAEA, 2006), which provide the basis for 
the safety requirements and safety guides and programmes which have 
been developed by the IAEA as part of its safety standards activities. 
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These principles apply to a nuclear power plant in all modes of operation 
and to its entire fuel cycle installations and activities, such as transporta-
tion of radioactive waste and nuclear materials, and their fi nal disposal. 
The principles recommend the creation of a series of administrative enve-
lopes and technical barriers that prevent accidents and mitigate their 
consequences.

These administrative barriers assign the prime responsibility for safety 
to the licensee, as well as allocating to government the responsibility of 
enacting a complete and satisfactory legal and licensing system and the 
creation of a regulatory body with three major activities: the development 
of a consistent set of safety standards, the verifi cation of compliance with 
applicable standards, and an enforcement authority to correct any devia-
tion. The licensee is also obliged to develop leadership and management 
for safety, based on the promotion of a safety culture within the installations 
and all related activities, on the regular assessment of safety performance 
and on feedback from operating experience. These administrative and pro-
cedural barriers are essential to achieve and maintain the required safety 
levels.

Technical barriers also help to prevent accidents and mitigate their con-
sequences by adhering to the concept of defence-in-depth, through a com-
bination of consecutive and independent levels of protection which would 
have to fail to cause the release of radioactivity to the environment. Such 
levels include conservative designs and use of materials of high quality and 
reliability; the introduction of control, limiting, protection and monitoring 
systems; the addition of technological safeguard systems to cope with acci-
dental situations and to mitigate their consequences, including so-called 
passive systems; the application of well-developed and trained emergency 
procedures; and the availability of emergency measures to protect people 
outside.

The safety level of a nuclear power plant can also be measured through 
its complementary function: risk. A quantitative risk assessment method-
ology for nuclear power plants was fi rst introduced in 1975 by the Reactor 
Safety Study (NRC, 1975); the methodology was later repeated in Germany 
and an English translation produced (EPRI, 1981) and later refi ned to 
consider fi ve specifi c nuclear power plants covering the nuclear technolo-
gies used in the USA (NRC, 1990). This new methodology has been used 
widely (although covering only the fi rst two levels of these studies) across 
practically all nuclear power plants in the world.

Such ‘Probabilistic Safety Analyses’ (PSAs) are divided into three levels. 
Level 1 PSA determines the expected frequency of accidents producing 
core damages, the values obtained ranging from 1 in 10,000 to 1 in 100,000 
per year and reactor. Level 2 PSA estimates the conditional probability of 
an early release of radioactive products by failure of the containment 
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system within a damage core, with values found to vary from 1 in 10 cases 
to 1 in 100 cases. The accepted recommended values (INSAG, 1992b) are 
less than 1 in 100,000 per year and reactor for Level 1, and a conditional 
probability of 1 in 10 cases for Level 2 PSA. Level 3 PSA determines the 
complementary distribution function of the radiological consequences to 
the health and safety of the public and also the economic consequences 
derived from losing the plant and restoring the environment. When these 
results are compared with other technological risks and those from natural 
events, it is concluded that the risks of nuclear power plants are several 
orders of magnitude lower.

Although it may seem suffi cient to estimate nuclear risks and put abso-
lute, and also relative, values on acceptable risks, risks perceived by the 
individual and society are also a reality to be considered. In an analysis of 
perceived risks, it is necessary to consider, among the major aspects, the 
benefi ts obtained, familiarity with the type of risk, and the nature and time 
dependence of the harm produced.

The benefi ts obtained determine the perception of risk. Individuals 
accept high risks when the benefi ts are clear to them, which explains the 
acceptance of driving a car or smoking. The benefi ts from nuclear power 
are not clearly estimated by individuals and society: the need and apprecia-
tion of the benefi ts obtained from electricity are well understood, but elec-
tricity can also be provided by other means. Because of this, it is necessary 
to explain, once again, the worldwide, national and local socio-economic 
benefi ts coming from nuclear power. To make the picture complete, it would 
be necessary to compare the risks and benefi ts of the other sources generat-
ing electricity, but such an analysis is outside the scope of this chapter.

Familiarity with the nature of a risk and its frequency is another major 
ingredient in the perception of risk. Although the use of radiation is now 
part of everyday life for many people, mainly through its use in medicine, 
fear of radiation is very high due to its peculiar nature, which is diffi cult to 
understand. An average individual receives doses, for medical purposes, 
which are much larger than those from natural radiation and orders of 
magnitude larger that those the most exposed person will receive from the 
operation of nuclear power plants and related fuel cycle activities. 
Nevertheless, society grossly exaggerates the risks perceived from nuclear 
power, despite the efforts made and the evidence presented to explain the 
real situation.

The timing of the harm produced is another aspect of interest. When 
damage done shows immediately, the perception of risk is different from 
when it may or may not come later in the life of the person, or if the risks 
may still exist for future generations. It is well known that high radiation 
doses may produce deterministic effects and that damage will show up soon 
after exposure but, most frequently, even in the case of severe accidents, 
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most exposures produce low doses with the potential to produce stochastic 
effects, sometimes many years later. These circumstances have produced a 
considerable increase in perceived risk, with people believing that any 
exposure, however low, will produce the expected effects with certainty, 
despite efforts made to show that the probability of the effect is very low 
and proportional to the dose received.

Despite efforts made to increase safety, accidents cannot be completely 
discounted and preparation for them should be in place. Two instruments 
have been created to protect the health and safety of the public, and to 
protect private and public properties and the environment. The fi rst is a 
legal instrument based on the concept of third-party liability for the damage 
caused. The second is the preparation and maintenance of emergency pro-
cedures and the corresponding equipment needed to protect the health and 
safety of the individuals affected.

8.6.2 Third-party liability: a legal solution to compensation

Third-party liability has been a major concern since the beginning of nuclear 
power development. US legislators recognized early that government-
owned and privately owned nuclear facilities could be built and operated 
safely, but that zero risk could never be achieved. As early as 1954, work 
started to develop a bill on third-party liability, which was fi nally signed into 
law by President Eisenhower in 1957. The Price–Anderson law was a rec-
ognition of the rights of affected persons to be compensated for the harmful 
effects of radiation. The development of this interesting process is ably 
described by Mazuzan and Walker (1990). The law, still in force, has been 
amended several times, generally in the sense of increasing people’s protec-
tion and introducing requirements to protect the environment. The law has 
been a model for other national and international developments.

The NEA/OECD was the fi rst international institution to propose to its 
member states the creation of a Convention on Third Party Liability, which 
was fi rst established in 1960 and later amended in 1964 and 1982 (NEA, 
1982). The Paris Convention entered into force in 1988 and was ratifi ed by 
19 NEA member states. The Convention provides for compensation for 
injury or loss of life of any person, as well as for damage to or loss of any 
property caused by a nuclear accident in a nuclear installation, or during 
the transport of nuclear substances to and from installations. The Convention 
does not cover damage to the nuclear installation itself. The maximum 
liability of a nuclear installation operator amounts to 15 million Special 
Drawing Rights (SDR), an accounting unit created by the International 
Monetary Fund (IMF) to include key international currencies reviewed and 
adjusted every fi ve years, the value of which is close to a US dollar. However, 
the NEA recommended that parties to the Paris Convention should set the 
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maximum liability amount to not less than SDR150 million, and most have 
done so.

The 1986 Chernobyl-4 accident demonstrated the need to increase the 
amounts of liability and to enlarge the types of damage provided. In 
response to that need, in 2004 the contracting parties to the Paris Convention 
adopted the Protocol to Amend the Paris Convention (NEA, 2004), which 
is still pending ratifi cation. In the new Protocol, the amount for nuclear 
power plants is increased to 1700 million and licensees will still be required 
to fi nancially secure their liability. Parties to the revised Paris Convention 
will also be required to ensure the payment of nuclear damage claims where 
a licensee’s fi nancial security is unavailable or insuffi cient, up to the liability 
specifi ed in the Convention. The Protocol will add certain types of economic 
loss, the cost of measures to reinstate a signifi cantly impaired environment, 
loss of income resulting from that impaired environment and the cost of 
preventive measures, including loss or damage caused by such measures.

The Vienna Convention on civil liability for nuclear damage entered into 
force in 1963 (IAEA, 1963) and it has also been amended on several occa-
sions. At a diplomatic conference in 1997, delegates from over 80 Member 
States adopted a Protocol to amend the 1963 Vienna Convention and also 
adopted a Convention on Supplementary Compensation for Nuclear 
Damage. The Protocol sets the possible limit of the licensee’s liability at not 
less than SDR300 million. The Convention on Supplementary Compensation 
defi nes additional amounts to be provided through contributions by party 
states on the basis of installed nuclear capacity and a UN rate of assessment. 
The Protocol contains a better defi nition of nuclear damage (now also 
addressing the concept of environmental damage and preventive meas-
ures), extended the geographical scope of the Vienna Convention, and 
enlarged the period during which claims may be brought for loss of life and 
personal injury.

The Paris and Vienna Conventions are the international instruments 
created to compensate for the risks derived from potential nuclear acci-
dents in nuclear power plants and related fuel cycle facilities and practices. 
They are supported by sound technological and economic considerations 
on the harm that accidents may produce and how such harms must be 
compensated.

8.6.3 Protection and inconveniences provided 
by emergency planning

Emergency planning lies within the IAEA Fundamental Safety Principles. 
Technically it is also considered as the last level of protection against acci-
dents with external radiological consequences. Principle 9 requires that 
‘Arrangements must be made for emergency preparedness and response 
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for nuclear or radiation incidents’. Emergency planning is a responsibility 
of government; arrangements should secure adequate response at the local, 
regional, national and even international levels, when required.

The line of responsibility for taking urgent decisions needs to be defi ned 
well in advance. In nuclear power plants, emergencies generally start within 
the plant and, as demonstrated in Fukushima, nuclear emergencies can be 
started by natural or manmade emergencies. During an onsite phase, the 
licensee is responsible for actions taken under the supervision of the regula-
tory authority, following well-known and rehearsed procedures. An alert 
situation should be declared quickly when there is no evidence that the 
plant can be brought under control. At that moment, an offsite emergency 
plan is initiated and conducted under the responsibility and authority of 
local, regional and state authorities, as the case may be, with the advice of 
the regulatory authority and with help and information provided by the 
licensee.

Public protection actions may include shelter, evacuation, decontamina-
tion, medical treatment (when necessary) and prophylaxis activities, such 
as ingesting potassium iodide to block radioactive iodine from entering into 
the body. Arrangements should include well-trained human resources, 
emergency procedures and reliable equipment, suitable installations and 
services for evacuees. National and international information, as well as 
humanitarian help to the people affected, are required.

Any inconvenience that people may suffer from emergency protection 
activities has the advantage of avoiding or reducing radiation exposure. 
These inconveniences are related to the conduct of periodic drills which 
often involve the nearby population. In case of real emergencies, remaining 
under shelter and being evacuated or displaced for long periods of time (as 
in the cases of Chernobyl-4 and Fukushima-1) are problems that affected 
people have to suffer. Decontamination of affected buildings to allow the 
return of evacuees and the restoration of agricultural soils can take a long 
time and create inconveniences to people’s lives. These remote circum-
stances should be compared with the benefi ts that the neighbouring popula-
tion will receive with certainty.

8.6.4 Radioactive waste management as a concern 
for current and future generations

The generation of radionuclides is a major concern in the development of 
nuclear power. A nuclear power plant acts as a radioactivity amplifi er, the 
generated radionuclides appearing in different wastes requiring specifi c 
management systems. The half-life of some of these nuclides is much longer 
than the life of the power plant, and therefore the management system 
selected has to provide protection for present and future generations.
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Most of these radionuclides are generated inside the fuel matrix by 
neutron fi ssion and activation. Neutron activation products are also gener-
ated within the coolant and the structural materials close to the reactor 
core. Fission is so highly energy-intensive that the fi ssion of a gram of 
uranium-235 per day will generate a power of roughly 1 megawatt. Thus, 
the quantities of fi ssion nuclides (the most abundant) are very small but, 
nevertheless, their radioactivity (in terms of number of disintegrations per 
second) is very high, and they are retained within the fuel matrix and fuel 
cladding.

Through the fi ssion and activation processes, a large variety of radioiso-
topes from light to heavy elements accumulate in the fuel, the structural 
materials and the coolant, producing two types of waste: limited and con-
trolled quantities of gases and liquids containing small amounts of certain 
nuclides which are released to the environment; and solidifi ed wastes of low 
and medium specifi c radioactivity (disintegrations per unit of mass) con-
taining radionuclides of short and medium half-life, which are stored in fi nal 
surface repositories. Under normal operating conditions, the radioactivity 
included in these waste products is no greater than 2% of the total radio-
activity inventory of the reactor.

The bulk of the radioactivity inventory is found in the used fuel. Used 
fuel elements constitute by far the greatest problem and can be considered 
as waste, in a so-called once-through fuel cycle, or as a large energy resource 
when used in a uranium-239/plutonium-239 closed cycle.

The radionuclides generated within metallic or concrete structures 
remain there and are only of concern at the time of dismantling the plant. 
Radionuclides in the coolant include mainly short half-life gases and 
medium half-life metallic isotopes from the corrosion of metallic surfaces 
containing the coolant. A small amount of noble gases, tritium and volatile 
elements (such as iodine, tellurium and cesium isotopes) may be released 
to the coolant through small defects in the fuel cladding. A very small frac-
tion of the coolant and its radioactive contents escape containment, and the 
released nuclides are captured by high-effi ciency fi lters in the containment 
ventilation system.

The radionuclides in the coolant are treated. In PWRs gases are easily 
separated and stored for decay and fi nally vented to the atmosphere before 
refuelling outages; only krypton-85 (a beta/gamma emitter with a half-life 
of 10.6 years and of limited radiological importance) remains after one 
year’s decay in the gas storage tank. In BWRs, gases carried out of the core 
with the steam are fi nally channelled to a delay system of various days, 
where again krypton-85 is the major radionuclide, although some xenon-
135 (a beta/gamma emitter with a half-life of 5.26 days) is also released. 
Small amounts of iodine isotopes, mainly iodine-131 (a beta/gamma emitter 
with a half-life of 8.06 days), may also be released to the atmosphere.
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Metallic radionuclides (present in the coolant as ions, colloids or parti-
cles) are separated out by fi ltration, ion exchange or evaporation; fi lters, 
spent ion exchange resins and evaporation concentrates are added to a 
solidifying matrix, usually cement, and put into standardized 220-litre 
drums, the radionuclides in the waste remaining fi xed in the solid matrix. 
These drums together with other solid wastes such as air fi lters, contami-
nated tools and radiation protection equipment constitute the major part 
of the radioactive waste generated from operation. On average, a 1 GWe 
PWR generates from two to three drums per day, while a BWR, in which 
the coolant is purer, generates from four to fi ve drums per day.

Tritium is a fi ssion product and is also produced by neutron activation of 
boron and lithium, coolant additives in PWRs. It is a weak pure beta emitter 
with a half-life of 12.26 years which is also found in nature. Tritium substi-
tutes for hydrogen in the water molecule and cannot be separated by ion 
exchange or evaporation, and is eventually found in releases of surplus 
water into nearby water bodies. Such releases may also contain small quan-
tities of other radionuclides, mainly coming from activation of corroded 
materials.

Gaseous releases and releases to water bodies are limited by the regula-
tory authority and made under strict controls. There have been reports of 
tritium being found in underground water coming from leakages in pipes; 
timely remedies have been put into practice.

In many countries, the doses received by most exposed individuals are 
limited to one-tenth of a millisievert/year, a very small fraction of the doses 
received from natural radiation. In practice, such doses are orders of mag-
nitude smaller than the regulatory limit. Moreover, to further protect 
people, the territory around a plant is the subject of monitoring programmes 
to determine radioactivity in air, soil, surface and underground water and 
food products, for which thousands of samples are taken and analysed per 
year to determine their radioactive contents. European Union countries 
have to report the fi ndings, which are made public, as a requirement of the 
Euratom Treaty.

On top of this, epidemiological studies are conducted to determine the 
health of the affected population and to fi nd potential diseases which could 
be caused by emitted radionuclides. If epidemiological studies have not 
shown any evidence of such effects, it is therefore concluded that there are 
no reasons to be concerned about the correct management of environmen-
tal releases. If they were to appear, the monitoring systems would detect 
them before any harm is done.

Solid waste coming from operation has low and medium specifi c radio-
activity and does not include the very long-life radionuclides; cesium-137 
(a beta/gamma emitter with a half-life of 30 years) and strontium-90 (a beta 
emitter with a half-life of 28 years) are typical contaminants. Generally, the 
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drums are temporarily stored on the plant premises to be removed to an 
above-surface fi nal repository. Such repositories are designed to last for 
some 300 years after closing, after which time it is assumed that risks of 
radiation are acceptable and well below limits.

When used fuel is considered a waste, there should be also a manage-
ment system for it. This type of waste is highly radioactive and includes 
many long-life radionuclides, mainly isotopes from transuranic elements, 
some of which, apart from being beta/gamma emitters, are also alpha emit-
ters. A large fraction of the energy emitted by disintegration is converted 
into heat, which must be removed for a long time. This fact complicates the 
fi nal disposal of such waste. The best solution seems to be deep geological 
repositories for which research efforts are been conducted in many coun-
tries, though only Finland and Sweden have advanced projects, while the 
development of the US Yucca Mountain commercial repository has been 
stopped. In the interim, spent fuel is stored in decay pools or in air-cooled 
dry containers within the plant premises. A central storage facility is in 
operation in the Netherlands and a similar project is well advanced in 
Spain.

Principle 7 of the IAEA Fundamental Safety Principles requires that 
‘People and the environment, present and future, must be protected against 
radiation risks’. As the risks from long-term radioactive waste repositories 
could span generations, ‘subsequent generations have to be adequately 
protected without any need for them to take signifi cant protective actions’. 
This creates the problem of protecting future generations from the risks of 
activities from which the benefi ts went to previous generations, which seems 
unethical. Nevertheless, future generations will also receive the benefi ts of 
the scientifi c and technical knowledge and development from previous 
generations as a basis for their own progress. Moreover, future generations 
may fi nd better ways to manage nuclear waste.

In conclusion, the management of radioactive waste does not substan-
tially increase the risk and detriments of the plant itself. The fi nal repositor-
ies have to pay local taxes and provide subsidies which benefi t the economic 
and social development of the affected population. The storage of used fuel 
in the plant premises increases the inventory of radioactivity in the plant, 
but the probability of releasing radioactivity from this source is much lower 
than from the reactor core. The transport of used fuel to a temporary or 
fi nal repository, and the transport of low and intermediate waste from the 
plant to the repository, have impacts and inconveniences on traffi c around 
the plant and along transport routes. The transport of such materials should 
comply with the transport requirements established by countries in accord-
ance with the widely accepted IAEA transport requirements (IAEA, 1996), 
which help to ensure a very small risk of accidents.
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8.6.5 Fear of radiation as a societal impediment

Ionizing radiation has shaped life on earth since it appeared and exposure 
to ionizing radiation will continue unabated. It comes from the earth and 
from the sky and there is no reason to avoid it, although protection from 
extended exposure to ultraviolet rays coming from the sun is recommended. 
Ionizing radiation is used widely and increasingly in medicine for both 
diagnosis and treatment; high levels of exposure are frequently delivered 
and there is no reason to avoid such uses, although valid efforts are made 
to reduce the doses and the risks of radiation accidents without reducing 
the benefi ts. Ionizing radiation also comes from nuclear power plants, in 
small amounts during normal operation and potentially in larger quantities 
in case of accidents; there is no reason to ban these plants, while increasing 
safety is a primary objective. Nevertheless, natural and medical radiation 
are socially acceptable, while radiation from nuclear power plants is grossly 
rejected. This rejection is supported by the precautionary principle ‘when 
in doubt, keep it out’.

Protection against ionizing radiation is based on the principles of justifi -
cation of practices, optimization of protection and limitation of individual 
dose and risks, which have been developed over time by the ICRP. These 
principles were introduced in international and national regulations, and 
are developed in Chapter 11 of this book.

Radiation protection principles are now included in the IAEA Safety 
Fundamentals (IAEA, 2006) and their meaning and application go beyond 
the intended ICRP thinking. The justifi cation principle was initially 
intended for radiation use, though this chapter analyses its application to 
justify nuclear power. The optimization principle aims to provide ‘the 
highest level of safety that can reasonably be achieved throughout the 
lifetime of the facility or activity, without unduly limiting its utilization’. 
When applied to a nuclear power plant and related fuel cycle installations 
and activities, this requirement should be applied to all modes of opera-
tion, from normal to accident conditions, and during the whole life of the 
installation.

The limitation principle establishes that ‘Measures for controlling radia-
tion risks must ensure that no individual bears an unacceptable risk of 
harm’. In practice, this requirement translates to defi ning dose limits that 
should not be surpassed, and which are the upper legal bounds of accept-
ability, but which do not assure the best protection possible. When the limi-
tation and optimization principles apply to any given installation or activity, 
the desired level of protection should be achieved without impairing the 
benefi ts that can be obtained from the installation or the activity in 
question.
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Legal radiation dose limits have been suggested by the ICRP and accepted 
globally for a variety of circumstances and human organs. The limits for 
public exposures have been reduced to one millisievert/year, and in many 
countries lowered to one-tenth of a millisievert/year after applying the 
optimization principle. In practice, the dose received by the most exposed 
individual in the public population from a nuclear power plant is even less 
than that. These values should be compared with the average of 2.4 mil-
lisieverts/year that is received from natural radiation.

Although these values are well supported by scientifi c evidence, an 
intense ‘radio phobia’ has grown in developed countries. One of the reasons 
for such a situation is the so-called linear non-threshold approximation 
(LNT) which assumes that any radiation dose may produce harm. Other 
proposed approximations are included in Fig. 8.2.

The ICRP included the LNT hypothesis very early in its recommenda-
tions. CRP Publication 9 (ICRP, 1966) stated: ‘Because of the lack of knowl-
edge of the nature of the dose–effect relationship in man, the Commission 
sees no practical alternative, for the purpose of radiological protection, to 
assuming a linear relationship between dose and effect’. The Commission 
understands that the assumption of no threshold may be incorrect, but it is 
satisfi ed that application of LNT will probably not underestimate radiation 
risks.

Although much has been learned about carcinogenesis, the fact is that 
the LNT hypothesis has continued to be used since that time. The situation 
has been reviewed in subsequent ICRP reports, mainly in ICRP Publication 
26 (ICRP, 1977) and ICRP Publication 60 (ICRP, 1990), although without 
change. In fact, the dose limits have been reduced because the risk coeffi -
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cients in the LNT hypothesis have been increased. In ICRP Publication 103 
(ICRP, 2007) a certain concern has been expressed when recognizing that 
the LNT hypothesis makes it ‘impossible to derive a clear distinction 
between safe and dangerous’. Moreover, it advises that the LNT hypothesis 
should only be used for the optimization process and not for epidemiologi-
cal studies, as it frequently is.

The ICRP recommendations have been accepted by international organi-
zations, mainly the IAEA, World Health Organization (WHO) and others, 
and have been introduced in national, supranational (EU) and international 
regulations and standards, not always concurrent with the understandings 
defi ned by the Commission. As such, they are the main source of social and 
political concerns. Over time, what started as a working assumption has come 
to be considered as a scientifi cally documented fact by the public and mass 
media, and even by some regulatory bodies and many pro-LNT scientists.

‘Radio phobia’ against nuclear power started in the early 1970s, gaining 
impetus in the late 1970s, and started to produce serious consequences 
during the 1980s after the TMI-2 (1979) and Chernobyl-4 (1986) accidents, 
the consequences of which were grossly amplifi ed by the media, some politi-
cal parties and non-governmental organizations. The Fukushima large 
earthquake and tsunami-driven events have again increased public radio 
phobia, and increased serious concerns within international institutions and 
national authorities about the safety of currently operating nuclear power 
plants, which are now being reviewed.

The application of the LNT model to estimate the stochastic conse-
quences of small doses and small dose rates received by a large number of 
people as a consequence of the Chernobyl accident have not so far been 
proven by direct observation. The existence of a hormetic, i.e. benefi cial, 
relationship between low doses and consequences has not yet been scientifi -
cally proven for all cases and circumstances, despite the intense research 
on the matter which has been conducted (DOE, 1998).

It has to be recognized that the LNT hypothesis may have provided 
a reasonably conservative approach to radiation risk assessment, but its 
introduction into the national and international regulatory system has prob-
ably gone too far. It has contributed to create an intense social and political 
radio phobia which has clearly limited the benefi cial application of nuclear 
energy.

In conclusion, neighbourhood populations may be exposed to tiny radia-
tion doses, smaller than the ones received from natural radiation, from 
gaseous and liquid releases, which are limited and well controlled in the 
origin of the release and in the surroundings through an extensive monitor-
ing programme. Moreover, epidemiological studies have not revealed any 
harm from such radiation. The concerns raised by these doses are not 
founded.
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8.6.6 Security as a subject of increasing relevance

Nuclear installations and relevant activities may be the objects of terrorist 
attacks bacause of the potentially large social distortion they could produce. 
The design and operation of nuclear installations include very strict access 
control, sophisticated intruder detectors, entrance delay technologies and 
armed police forces. Operation now also involves intelligence and external 
help. Nuclear installations are generally very robust for safety reasons and 
there is a synergy between safety and security, which has recently been 
analysed by the INSAG (INSAG, 2010) and by the IAEA AdSec Group 
(IAEA, 2007). A justifi cation document should include references to 
national and international regulation use in the design and organization of 
the security system, though it will be necesary to reserve details (for security 
reasons).

8.6.7 The risks of nuclear weapons proliferation: 
a major world concern

Strategic materials for nuclear weapons proliferation can be obtained from 
the nuclear fuel cycle. These materials can be uranium-235 from the fi rst 
part of the cycle, or manmade plutonium-239 produced in the reactor and 
separated in the reprocessing side of the fuel cycle. Once the strategic 
materials are available, the design, construction and deployment of nuclear 
weapons is, although very costly, not a big technical problem, and is one 
which could be mastered by many. Light and heavy water reactors are the 
ones in operation now and are the candidates for short- and medium-term 
deployment, so the following considerations are limited to such reactor 
models; the future use of fast breeder reactors using the uranium-238/plu-
tonium-239 fuel cycle will need further considerations, which are outside 
the remit of this chapter.

Light water reactors use natural uranium enriched in uranium-235 from 
its natural value of 0.7% up to 3–5%. Enrichment is a well-known physical 
isotope separation process achieved by gas diffusion through membranes 
or by ultracentrifugation; laser separation is now laboratory proven but not 
yet deployed on a commercial scale. The most available and economical 
way to produce enriched uranium is by ultracentrifugation, and the same 
equipment can serve to reach reactor enrichment levels of up to 90% 
weapons-grade enrichment. This process can be fully achieved by any rea-
sonably developed state wanting to follow this path.

Plutonium-239 is an activation product of uranium-238 present in the 
reactor, which accumulates slowly within the fuel matrix; over time, other 
isotopes of plutonium which are not fi ssile start to accumulate (mainly 
plutonium-240). Weapons-grade plutonium-239 is found when irradiation 
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times are very short, of the order of a few months. The fuel cycle in a power 
plant is much longer than that, and therefore the plutonium produced 
(called reactor-grade plutonium) is contaminated with the other isotopes, 
although it could also serve to produce lower-yield nuclear weapons. In any 
case, the plutonium produced has to be separated from the other compo-
nents, uranium-238 and unburnt uranium-235 and fi ssion products. This 
separation can be easily achieved by a well-known chemical process called 
PUREX which is easily accessible, although the presence of the highly 
radioactive fi ssion process complicates the chemical separation. A 1 GWe 
LWR needs some 20 tonnes of fuel per year and generates about 200 kg of 
reactor-grade plutonium.

Efforts have already been made (and new solutions are being developed) 
to make the fuel cycle proliferation-proof against any desire to use strategic 
materials for non-peaceful purposes. Although limited advances have been 
achieved, it is clear that there will not be any easy technical solutions to 
avoid proliferation; only policy and diplomacy can serve to reduce the risks, 
as explained by the Nobel Prize winner, Burton Richter (Richter, 2008). 
The Non Proliferation Treaty (NPT) and corresponding safeguards under 
the control of the IAEA are the diplomatic instruments that have been 
created to reduce such risks. This matter is considered in depth in Chapter 
13 of this book.

Although very effective, the NPT and its safeguard requirements cannot 
be absolutely proliferation proof. Policy proposals have been formulated 
within the IAEA and leading countries to internationalize the fuel cycle by 
providing enrichment and reprocessing services by the most developed 
countries under special international controls. The Global Nuclear Energy 
Partnership (GNEP) proposed by former President Bush is another 
example. Both initiatives have not yet been fully developed. All these tech-
nical, political and diplomatic efforts have considerable potential to reduce, 
but not completely eliminate, the risk of proliferation.

The risk of proliferation is highly dependent on the geopolitical confron-
tations within the world and is therefore diffi cult to evaluate. But the culprit 
is not the peaceful uses of nuclear power: in fact, the production of strategic 
materials is cheaper and more effective if undertaken at dedicated instal-
lations. In practice, effective technologies, inspections and treaties will 
reduce the risks of proliferation as far as possible, and this matter should 
not be a deterrent for the peaceful development of nuclear energy.

8.6.8 Condenser heat rejection: the major 
non-radiological detriment

As with any other large industrial installation, a nuclear power plant, fuel 
cycle facilities and associated activities produce substantial non-radiological 
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physical and chemical impacts on their surroundings during pre-construc-
tion, construction, operation and dismantling. These impacts are generally 
considered in an environmental report, a licensing requirement in most 
countries. The USA NRC requirements are among the most developed 
regulations, and they also include economic and radiological impacts (NRC, 
1984).

Nuclear regulatory authorities are not the only regulators intervening in 
this process; other local, regional and state authorities also participate in 
the review, generally in a coordinated manner, to verify compliance with 
other regulations on environmental protection, such as those related to air 
and water quality and on land use.

For non-radiological impacts, any environmental impact study starts by 
describing the affected territory and its current use, industrial and recrea-
tional development; the surface and ground water hydrology and the use 
given to such waters; the meteorology and air quality, and the terrestrial 
and aquatic ecology, amongst the major aspects. With this knowledge, the 
impacts during pre-construction and construction activities are analysed, 
generally divided into three levels of signifi cance: small, moderate, or large. 
For all these impacts, mitigation measures are also considered, though, in 
such an analysis, unavoidable adverse environmental impacts can be found 
for which no practical means of mitigation are available.

During pre-construction and construction activities, the major unavoid-
able environmental impact would be the land to be occupied by the plant 
buildings and the land used temporarily for construction purposes; addi-
tional land will also be needed to build new or widen existing roads and 
electrical energy corridors. The high energy intensity of nuclear power does 
not need additional land for storing new and used fuel, as is the case for 
fossil fuels (mainly coal). Considerations should also be given, among other 
things, to the use of water and construction materials; the effects that exca-
vation and dewatering will produce on groundwater aquifers; the ecological 
impact on terrestrial and aquatic losses; and the increase of traffi c and 
health effects due to fugitive dust, noise and transportation. The purpose of 
these considerations is to evaluate them and to defi ne mitigation and con-
trols aimed at lessening the adverse impacts.

The land used for buildings will be considerably improved by trees, 
gardens and lawns. When the plant ends its useful lifetime, decommissioning 
will restore the site and make it useful for other purposes (decommissioning 
is considered in detail in Chapter 24 of this book). The operation of nuclear 
power plants is very clean; negligible amounts of conventional pollutants 
are released and solid conventional waste is very limited. Non-radiological 
health impacts to members of the public, including etiological agents, noise, 
electromagnetic fi elds, occupational health, and transportation of materials 
and personnel are minimal and well controlled to verify compliance with 
applicable regulations.
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During operation, the major non-radiological impacts are the use of 
water to cool the condenser and the effects that heat rejection produces in 
the affected water bodies. Nuclear power plants have a low thermal effi -
ciency of about one-third; therefore two-thirds of the heat produced in the 
reactor core by fi ssion is waste heat that has to be rejected to water bodies 
and eventually to the atmosphere. Some 5% of this heat is released within 
the plant itself; therefore some 62% of the generated heat has to be removed 
by the condenser water. Large quantities of water have to pass through the 
condenser to remove such heat, and the fl ow of water depends on the limit 
put into the outlet temperature; for a 10°C increase, in 1 GWe plant, some 
45 m3/s is needed.

To achieve heat rejection, two types of systems have been developed. 
Once-through systems take water from a large water body and discharge it 
to the same water body at a higher temperature and at a different point. 
Only plants built in coastal locations and in the proximity of large rivers or 
lakes can use such systems. In closed circuit systems, the warmed water is 
cooled in a cooling tower or spray pond and recirculated through the con-
denser. In this way, the waste heat is fi nally deposited into the air. 
Combinations of once-through and closed circuits are frequently found, the 
once-through systems being used when temperature limitations in the 
receiving water body can be complied with (mainly during the winter), and 
closed circuits otherwise.

Once-through systems may cause damage to living organisms in the water 
body as a result of changes in temperature, the impingement of larger 
organisms in the water-intake screens and the entrainment of smaller 
organisms that pass through the condenser. Deleterious effects may also be 
produced by the use of chlorine and biocides, by changes in the water 
quality, mainly oxygen content and increases in salinity. All these effects 
have the potential of introducing changes into the aquatic ecosystem; they 
should be known to verify compliance with environmental regulations.

A large variety of chemicals are added to wet cooling towers to control 
bacteria and prevent corrosion. Such chemicals might eventually be dis-
charged to an adjacent water body when recirculation water retaining impu-
rities is taken out of the tower; this is called a blowdown. Blowdowns have 
to be controlled and should not be discharged to public waters without treat-
ment and control in accordance with regulations. Such chemicals may also 
escape to the atmosphere with small water droplets in the drift, i.e. steam 
released from the cooling towers; these chemicals will be deposited and will 
accumulate on surfaces near the plant. The effects of this have to be control-
led; in modern cooling towers, drift is limited and the effects minimal.

Although non-radiological effects are well recognized, their study and 
quantifi cation constitute the basis of their mitigation, until compliance with 
existing regulations. In general, nuclear power plants create a clean environ-
ment with limited physical and ecological impacts.
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8.7 Conclusions

The justifi cation principle has not been systematically developed for appli-
cation to nuclear power plants, fuel cycle facilities and related relevant 
activities, despite the fact that it is a key requirement in international and 
supranational regulatory activities. Only the UK has so far developed regu-
lations and guidance for justifi cation of nuclear energy, now being applied 
in the justifi cation of some new nuclear designs. Other countries have devel-
oped detailed regulations regarding environmental analysis which also 
include social and economic aspects and are close to justifi cation exercises. 
Most frequently, economic advantages and benefi ts are the only basis for 
decisions.

The application of the justifi cation principle, as defi ned in the IAEA 
Fundamental Safety Principles, and within a well-defi ned and complete 
process, will serve to present to society a valid account of the benefi ts 
derived from nuclear energy and the risks and detriments associated with 
it. These studies will facilitate public understanding and help in decision 
processes.

There are many examples regarding nuclear installations and relevant 
related activities where justifi cation could provide valid insights to high-
level decision-making processes. The elements to be taken into account, the 
justifi cation process itself, the defi nition of a justifi cation authority, and the 
value and limitations of the justifi cation decision, all need to be defi ned 
formally. Valid tools are already available to defi ne and quantify some of 
the key elements which are part of the justifi cation equation; others need 
further research and development.
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Abstract: This chapter discusses the various nuclear technologies 
currently available for near-term deployment, as well as those in 
advanced stages of development that are expected to become available 
in the near to medium term. The chapter includes a brief overview of 
innovative nuclear technologies proposed for the longer term. Finally, 
the chapter offers some insights about the use of advanced nuclear 
technologies for non-electrical applications.

Key words: advanced nuclear reactor designs, evolutionary nuclear 
reactor designs, innovative nuclear reactor designs.

9.1 Introduction

In addition to the support required in the development of the infrastructure 
necessary to deploy a new nuclear program, newcomer countries have also 
indicated a desire to receive guidance in the process of evaluating the dif-
ferent nuclear technology options.

Countries, both those considering their fi rst nuclear power plant and 
those with an existing nuclear power program, are interested in having 
ready access to the most up-to-date information about all available nuclear 
reactor designs as well as important development trends. To meet this need, 
the International Atomic Energy Agency (IAEA) has developed the 
Advanced Reactors Information System (ARIS) (IAEA, 2010), a web-
accessible database that provides Member States with balanced, compre-
hensive and always up-to-date information about all advanced reactor 
designs and concepts.

In addition to having accurate information about the various nuclear 
technologies available, the key technical characteristics of a particular 
nuclear project should be clearly understood and specifi ed at the onset of 

This chapter is the copyright of the International Atomic Energy Agency (IAEA) 
and is reproduced by the Publisher with the IAEA’s permission. Any further use or 
reproduction of the chapter, in whole or in part, requires the permission of the IAEA. 
The chapter has been written by a staff member of the IAEA in his personal capacity 
and not on behalf of the IAEA or the Director General of the IAEA. The views 
expressed in the chapter are not necessarily those of the IAEA and that the IAEA 
disclaims all liability in connection with the chapter and any use made thereof.
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the project. In this way both the technical and economic benefi ts of the 
alternative nuclear power plant designs and associated technologies can be 
objectively assessed against the situation and the needs of each country, and 
the most suitable design can be selected. Nations need to follow a design-
neutral systematic approach that evaluates the technical merits of the 
various nuclear power plant technologies available on the market based on 
each country’s needs and requirements.

The objective of this chapter is to help the reader differentiate among 
the different kinds of nuclear reactors and develop a clear picture about 
the current status of nuclear power technology. The chapter describes in 
some detail the most relevant nuclear reactor designs developed by all the 
suppliers/designer organizations in the world, highlights their advantages 
and disadvantages, and provides an update about the status of development 
and deployment of each one of them.

Because nuclear technology can also be used for many applications in 
addition to the production of electricity, and because many newcomer coun-
tries are interested in these non-electric applications almost as much as they 
are in the production of nuclear electricity, the chapter also provides a 
summary of the various non-electric applications of nuclear power and the 
technology needed to effectively deploy them.

9.2 Classifi cation of advanced nuclear reactors

IAEA (1997a) defi nes advanced nuclear plant designs as those designs of 
current interest for which improvements over their predecessors and/or 
existing designs are expected. Depending on the amount of modifi cations 
implemented, advanced reactor designs can be categorized evolutionary or 
innovative. An evolutionary design is an advanced design that achieves 
improvements over existing designs through small to moderate modifi ca-
tions, with a strong emphasis on maintaining design proveness to minimize 
technological risks. The development of an evolutionary design requires at 
most engineering and confi rmatory testing. An innovative design is an 
advanced design which incorporates radical conceptual changes in design 
approaches or system confi guration in comparison with existing practice. 
Substantial research and development efforts, feasibility tests, and a proto-
type or demonstration plant are required prior to the commercial deploy-
ment of this type of design.

An alternative classifi cation was coined by the Generation IV International 
Forum GIF (2002), which divided nuclear reactor designs in four genera-
tions. The fi rst generation consisted of the early prototype reactors of the 
1950s and 1960s. The second generation is largely made up by the commer-
cial power plants built since the 1970s and that are still operating today. The 
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Generation III reactors have been developed in the 1990s and include a 
number of evolutionary designs that offer improved performance, safety 
and economics. After the increased interest in nuclear power seen in the fi rst 
decade of the twenty-fi rst century, additional improvements are being incor-
porated into Generation III designs, resulting in several concepts that are 
actively under development and seriously considered for near-term deploy-
ment in various countries. The Generation III designs loosely correspond to 
what in the ARIS system are called evolutionary designs (IAEA, 2010) and 
it is expected that they will constitute the bulk of the new nuclear plants 
built between now and 2030. Beyond 2030, it is anticipated that new reactor 
designs will address key issues such as the closure of the fuel cycle or pro-
liferation concerns while possibly ensuring competitive economics, safety 
and performance. This generation of designs, the Generation IV, consists of 
innovative concepts in which substantial development is still needed.

Traditionally, nuclear reactors have been classifi ed depending on the 
energy of the neutron spectrum they use to produce the fi ssion in the fuel, 
or depending of the coolant they use to extract the fi ssion energy from the 
core. With regard to the fi rst criterion, nuclear reactors can be thermal when 
using low energy neutrons and fast when using much higher energy neu-
trons that are not slowed down by a moderator. With regard to the coolant, 
nuclear reactors can be classifi ed as water-cooled reactors (WCR), gas-
cooled reactors (GCR), liquid metal-cooled reactors (LMR) and molten 
salt-cooled reactors (MSR). Water-cooled reactors at the same time can be 
classifi ed as boiling water reactors (BWR), in which the core is at relatively 
low pressure and the coolant is allowed to boil; and pressurized water reac-
tors (PWR), in which the core is kept at high pressure and the coolant 
remains in a liquid state. Water-cooled reactors can also be divided into 
light water reactors (LWR) and heavy water reactors (HWR) that use deu-
terium water. While most HWRs belong to the pressurized water reactor 
type, and are also termed pressurized heavy water reactors (PHWR), some 
advanced designs use the boiling water reactor concept. As will be seen in 
upcoming sections, several advanced designs are what is called (IAEA, 
1997a) an integral design, which refers to a reactor design in which the 
whole reactor primary circuit, including, for instance, pressurizer, coolant 
pumps, and steam generators/heat exchangers, as applicable, is enclosed in 
the reactor vessel. Finally, depending on the size of the plant, nuclear 
designs can be classifi ed (IAEA, 1999a) as small (less than 300 MWe), 
medium (between 300 and 700 MWe) and large (more than 700 MWe). 
Although innovative reactor designs do not always fi t the following norm, 
in general it can be said that most water-cooled reactors and gas-cooled 
reactors are thermal reactors, while most fast reactors are cooled by liquid 
metals or molten salts.
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9.3 Key advances in technology

Various organizations, including design organizations, utilities, universities, 
national laboratories, and research institutes, are involved in the develop-
ment of advanced nuclear plants. The IAEA ARIS database (IAEA, 2010) 
summarizes global trends in advanced reactor designs and technology and 
provides balanced and objective information about all available designs.

Since this chapter focuses on the technology options that are available 
for newcomer countries, it will concentrate on the evolutionary reactor 
designs, as these are the most likely candidate technologies for most coun-
tries’ fi rst nuclear power plant, particularly in the near to middle term. For 
completeness, however, there will also be included a brief discussion exam-
ining future trends for the development of nuclear reactors in the long term.

Evolutionary reactor designs have concentrated on improving the eco-
nomics and the performance of existing nuclear reactors. At the same time, 
these designs meet even more demanding nuclear safety requirements than 
those currently in operation. While efforts have also been made in optimiz-
ing the use of fi ssionable materials and minimizing the production of used 
fuel and nuclear waste, it is expected that the closure of the nuclear fuel 
cycle will only be achieved once innovative reactor designs come online.

9.3.1 Trends in evolutionary plant design

One of the key objectives in the design of evolutionary reactors has been 
to reduce the total ‘overnight’ capital cost1 of a new nuclear power plant. To 
this extent, most designs include a signifi cant reduction in the total number 
of structures, systems and components as well as a simplifi cation of plant 
systems and components by using fewer and larger components, and by 
combining or eliminating functions or systems. The development of stan-
dardized designs that need to be validated and licensed only once also offers 
signifi cant cost savings by spreading fi xed costs over several units of the 
same standard design (IAEA, 1999b). Because fi rst-of-a-kind reactor 
designs or plant components require detailed safety cases and licensing 
processes that result in major expenditures before any revenue is realized, 
standardization of a design is therefore a vitally important component of 
capital cost reduction. Many evolutionary designs have been developed 
based on ‘user requirements’, most notably by the Electric Power Research 
Institute (EPRI, 1995, 1999) and in the European Utilities Requirements 
(EUR, 2001), that is, the lessons learned from the operation of the existing 

1 The capital cost of a project if it could be constructed overnight. This cost does not 
include the cost of fi nancing, the escalation due to increased material and labor 
costs, and the cost of infl ation during construction.
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fl eet of nuclear power plants. The compilation of these ‘user requirements’ 
has had a tremendous impact in achieving international consensus regard-
ing commonly acceptable safety requirements and performance expecta-
tions that would facilitate development of standardized designs which can 
be built in many countries without requiring signifi cant redesign efforts.

Shortening the duration of the plant construction is important because 
of the interest and fi nancing charges that are accrued during this period 
without countervailing revenue. However, it is important to remember that 
the objective is to reduce the overall plant cost, which means an optimiza-
tion of construction schedule, construction costs and construction quality. 
It would not be meaningful to reduce the overall schedule period if that 
would result in an increase of the overall spending or incur later mainte-
nance costs in a way that negates the savings in interest during construction. 
Recent nuclear construction projects have achieved optimum construction 
duration, cost and quality by streamlining the construction methods, using 
advanced construction technologies (all-weather construction, slip forming, 
open-top construction, modularization and prefabrication, advanced con-
crete mixing and pouring, automatic welding) and effective project manage-
ment practices (IAEA, 2002) Figures 9.1 and 9.2 illustrate two recent 
examples of advanced construction projects. The use of effective pro-
curement and contracting, as well as the close coordination with all 
relevant regulatory authorities, are also important contributors to this 
optimization.

One of the innovations incorporated in the design of evolutionary nuclear 
reactors is the use of modularization and factory prefabrication for both 
structural and system modules. Modules are fabricated in a controlled 

9.1 Advanced concrete mixing and pouring at Sanmen 1 (China).
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9.2 Modular construction at Lingao (China), the containment dome was 
assembled on the ground at the site and installed as a single module 
(weight 143 tons, diameter 37 m, height 11 m).

environment in a factory or in a workshop on the plant site, which normally 
improves their quality as compared to the traditional on-site stick build 
technique. Multiple modules can be fabricated in factories or workshops, 
while the civil work is progressing on the site in preparation to receive the 
modules. On the site, only sequential assembly of the modularized assem-
blies is required. This reduces on-site congestion, improves accessibility for 
personnel and materials, and can improve the construction schedule. It can 
also signifi cantly reduce the manpower needs for the construction site work.

Another way to reduce the overall capital costs involves taking advantage 
of economies of scale and thus designing larger reactors where the capital 
costs can be amortized faster due to the larger electricity production. On 
the other hand, for some market conditions, increasing plant size to capture 
economies of scale may result in plants too large for many national grids 
or to meet the incremental demand. This has resulted in recent times in a 
parallel trend that encourages the development of small or medium-sized 
reactors (SMR) that are more affordable and can be built in a phased 
manner up to the total desired power based on the electricity demand or 
the fi nancial means of the owner. These smaller designs may also be ideal 
for newcomer countries with small electric grids and/or limited fi nancial 
resources. SMRs have the potential to capture economies of series produc-
tion instead of economies of scale, if several units are constructed.
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Most evolutionary designs also include design features that allow for 
plant lifetimes of 60 years and longer, thus spreading the capital investment 
over a longer plant operation life.

Evolutionary reactor designs have also been designed to achieve lower 
operating costs, such as with the optimization of the fuel cycle that brings 
savings in the form of increased plant availability, more effective use of 
fi ssionable resources, and minimization of waste and used fuel quantities 
and management costs. These designs also strive to obtain higher thermal 
effi ciencies by using high-performance advanced turbines and sophisticated 
thermodynamic cycles, as well as expanded non-electrical applications. At 
the same time, since these new designs are expected to operate under higher 
demands, they employ improved corrosion-resistant materials and take 
advantage of major advances in fracture mechanics and non-destructive 
testing and inspection.

Evolutionary reactor designs employ several means to obtain perform-
ance improvement, such as the use of highly reliable ‘smart’ components 
(instrumented and monitored) able to detect incipient failures and to 
monitor their own performance. The effective application of smart compo-
nents allows reducing the dependence on costly redundancy and diversity 
practices and permits the optimization of maintenance and replacement 
schedules. Most evolutionary designs also incorporate in-service testing and 
maintenance, thus further improving capacity factors.

The design, operation and maintenance of evolutionary reactors show an 
increased reliance on probabilistic risk assessment methods and databases 
that allow designers and operators to focus their efforts on the systems and 
components with higher risk of failure. The use of advanced computer 
modeling and simulation tools have fostered signifi cant improvements in 
plant design and layout, plant arrangement and system accessibility, and in 
design features that facilitate decommissioning. In fact, current ‘multidi-
mensional’ project management software is able to manage and coordinate 
all aspects of the life of a plant from the design to the operation and main-
tenance, including confi guration control and other key construction proc-
esses such as procurement, manufacture, inventory, spare parts, costs and 
schedules. Another area that has had signifi cant impact in the elimination 
of over-design and excessive safety margins has been the improvement of 
the technology base (i.e. improved understanding of thermo-hydraulic phe-
nomena, more accurate databases of thermo-hydraulic relationships and 
thermo-physical properties, better neutronic and thermo-hydraulic codes, 
and further code validation). The only margins still accounted for in the 
design are simply associated with the limitations of calculation methodolo-
gies and uncertain data.

One of the best-known improvements incorporated into many evolution-
ary reactors is the use of passive safety systems that utilize gravity, natural 
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convection and temperature and pressure differentials, enabling these 
systems to function without electrical power supply and/or actuation by 
powered instrumentation and control systems.

Advanced nuclear reactors have also paid increased attention to the 
effect of internal and external hazards in the design, in particular the seismic 
design and the qualifi cation of buildings. At the same time, many of these 
designs have placed increased emphasis on the prevention and mitigation 
of severe accidents.

Last, but not least, advanced designs have taken advantage of the rapid 
progress in the fi eld of control and instrumentation, in particular, with the 
introduction of microprocessors into the reactor protection system and with 
the use of digital instrumentation and control (I&C). An important devel-
opment in these designs is the increased emphasis on the human–machine 
interface, including improved control room design and plant design for ease 
of maintenance.

9.4 Advanced nuclear reactor designs

This section provides descriptions of the technology options currently avail-
able for newcomer countries, in particular evolutionary reactor designs, as 
these are the most likely candidate technologies for most countries’ fi rst 
nuclear power plant, particularly in the near to middle term. For complete-
ness, however, a brief discussion examining future trends for the develop-
ment of nuclear reactors in the long term has also been included.

9.4.1 Evolutionary reactor designs

As described above, evolutionary designs achieve improvements over exist-
ing designs through small to moderate modifi cations, with a strong emphasis 
on maintaining design proveness to minimize technological risks. Not sur-
prisingly, most of these are water-cooled reactors, as this type of design 
is the one where the nuclear community has more lessons learned and 
expertise.

The following designs, which have been ordered alphabetically herein, 
are those in a more advanced stage of development and would presumably 
be available for near-term deployment. In some cases, they have even been 
built or are in the process of being built somewhere in the world, and this 
will be indicated. The detailed technical data for all these designs can be 
found in IAEA (2010).

ABWR

The Advanced Boiling Water Reactor (ABWR), which is available from 
two competing vendors (GE-Hitachi and Toshiba, Fig. 9.3), combines the 
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best BWR design features from Europe, Japan and USA. The ABWR was 
developed in direct response to the EPRI Utility Requirements Document 
(URD) (EPRI, 1995, 1999), it is licensed in the USA, Japan and Taiwan 
(China) and it is the fi rst evolutionary reactor design to operate commer-
cially. There are currently four ABWRs in operation in Japan (Kashiwazaki-
Kariwa 6 and 7, Hamaoka-5 and Shika-2), two in construction in Taiwan, 
China, and several more planned in Japan and the USA. In this sense, there 
is a proven capital and operation and maintenance cost structure associated 
with this design. The ABWR was designed with a shorter construction 
schedule in mind, by taking advantage of existing prefabricated construc-
tion experience and applying it into a modularized design. Although exist-
ing ABWRs are 1370 MWe, future ones are expected to be 1500 MWe as 
the reactor core has enough margins for these uprates. The ABWR has fully 
digital I&C and has adopted reactor internal pumps that eliminate the need 
for the large external recirculation coolant loops that involved penetrations 
below the top of the core elevation, thus making it possible to maintain core 
coverage during a postulated loss-of-coolant accident. This design also 
includes the capability to mitigate severe accidents and to reduce off-site 
consequences of accidents. The ABWR containment vessel is made of rein-
forced concrete with an internal steel liner.

ABWR-II

The Advanced Boiling Water Reactor II (ABWR-II), developed by 
GE-Hitachi, is a further enhancement of the ABWR. It offers a larger 
power output of up to 1700 MWe, due to a larger core with 1.5 times larger 
fuel bundles and the control rods arranged in a K-lattice (as opposed to the 

9.3 The ABWR design (Toshiba).
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conventional N-lattice2). This new core design may also provide increased 
fl exibility for higher burn-up, use of MOX fuel and higher conversion rate 
confi gurations. The ABWR-II also includes a modifi ed Emergency Core 
Cooling System, and an optimum combination of active and passive heat 
removal systems, resulting in a design that promises better economics, per-
formance and safety.

ACR-1000

The Advanced CANDU Reactor-1000 (ACR-1000) design is a 1200 MWe 
pressure tube reactor that retains many essential features of a typical 
CANDU plant design, including horizontal fuel channel core, a low-tem-
perature heavy water moderator, a water-fi lled reactor vault, two indepen-
dent safety shutdown systems, a highly automated control system, on-power 
fueling and a reactor building that is accessible for on-power maintenance 
and testing. The key differences from the traditional CANDU design incor-
porated into the ACR-1000 are the use of low-enriched uranium fuel (as 
opposed to natural uranium), the use of light water instead of heavy water 
as the reactor coolant, and a lower moderator volume to fuel ratio. These 
features together with a number of other evolutionary changes lead to the 
many benefi ts for the ACR-1000 design: a more compact core design, an 
increased burn-up as a result of the fuel enrichment, increased safety 
margins, improved overall turbine cycle effi ciency through the use of higher 
pressures and higher temperatures in the coolant and steam supply systems, 
reduced emissions through the elimination of tritium production in the 
coolant and other environmental protection improvements, enhanced 
severe accident management by providing backup heat sinks, improved 
performance through the use of advanced operational and maintenance 
information systems, and improved separation of redundant structures, 
systems and components (SSCs) important to safety through the use of a 
four-quadrant plant layout. The ACR-1000 design has been reviewed by the 
Canadian regulatory body and has been given a positive regulatory opinion 
about its licensability. The generic preliminary safety analysis report for the 
ACR-1000 design was completed in September 2009. The fi nal stage of the 
ACR-1000 design is currently underway including documentation and addi-
tional confi rmatory analysis, and the basic engineering is expected to be 
completed in 2010.

2 In a K-lattice there are two control rods for every four fuel bundles, while in the 
traditional N-lattice there is one control rod for every four fuel bundles.
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AP1000

The Westinghouse Advanced Passive PWR (AP1000) is a two-loop 
1117 MWe PWR scaled up from that already certifi ed in the USA AP600 
design, which was originally compliant with the EPRI URD (EPRI, 1995, 
1999). In the AP1000, designers have made an effort to simplify all systems, 
and to reduce the number of systems and components for easier construc-
tion, operation and maintenance. As in other evolutionary concepts, the 
AP1000 uses prefabrication and modular construction as a way to reduce 
construction schedule uncertainties. One of the signature characteristics of 
the AP1000 is the use of passive safety systems, i.e., those that rely on 
natural driving forces such as pressurized gas, gravity fl ow, natural circula-
tion fl ow, and convection, for core cooling, containment isolation, residual 
heat removal and containment cooling. On the other hand, the plant design 
utilizes proven technology and capitalizes on more than 40 years of PWR 
operating experience. The AP1000 also incorporates severe accident mitiga-
tion features, such as in-vessel retention of core debris following a core melt 
event, and no reactor vessel penetrations below the top of the core level. 
Two AP1000 projects are currently under construction in China (Haiyang 
and Sanmen) and substantial construction and operating experience is 
expected from these. In the USA, fi nal design certifi cation by the US NRC 
for the AP1000 is expected by 2011 and there are several applications for 
its construction starting 2011.

APR1400

The Advanced Power Reactor 1400 (APR1400), with a rated power of 
1400 MWe, is the largest two-loop PWR currently available. The APR1400 
is an evolutionary reactor developed in the Republic of Korea, based on 
the accumulated experience from the design and operation of the 1000 MWe 
Korean Standard Nuclear Power Plant and from the EPRI URD (EPRI, 
1995, 1999). The APR1400 incorporates a number of improvements to meet 
operators’ needs for enhanced safety, performance and economics and to 
address new licensing requirements such as the mitigation of severe acci-
dents. The APR1400 has a very characteristic confi guration, with two large 
steam generators and four reactor coolant pumps in a ‘two hot legs and four 
cold legs’ arrangement. The APR1400 also features fully digital instrumen-
tation and control (I&C), and a main control room designed with full 
consideration of human factors. The APR1400 incorporates safety systems 
with both active and passive characteristics, and has also been designed to 
take advantage of modularization and prefabrication construction tech-
niques to ensure a predictable construction budget and schedule. Two 
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APR1400 units are currently under construction in the Republic of Korea 
(Shin-Kori 3 and 4), and they are expected to enter commercial operation 
in 2013–14. The APR1400 has also been selected for the fi rst four units that 
will be built in the United Arab Emirates.

APWR

The Advanced Pressurized Water Reactor (APWR) is a four-loop PWR 
developed jointly by a group of Japanese utilities, Mitsubishi Heavy 
Industries (MHI) and Westinghouse, that relies on a combination of 
active and passive safety systems. It is currently made available by MHI. 
The high-capacity APWR, with 1534 MWe (1700 MWe in Europe and the 
US), takes advantage of economies of scale and uses high-performance 
steam generators and low-pressure turbines with very large last-stage 
blades. The APWR allows operation with long fuel cycles, and increased 
fl exibility such as the use of low-enriched fuel in order to reduce uranium 
requirements, the use of MOX cores and high burn-up fuels. The neutron 
economy and the long-term reliability of the reactor vessel have been 
improved with the use of a neutron refl ector. The container includes a 
steel liner to prevent leakage surrounded by the concrete structure that 
provides structural protection. As in other evolutionary designs, the con-
struction of the APWR also takes advantage of modularization and 
advanced design, simulation and management computer programs. Two 
APWRs are planned to be built at Tsuruga-3 and 4 in Japan, and several 
more in the United States.

EC6

The Enhanced CANDU 6 (EC6) is a 740 MWe pressure tube reactor 
designed by Atomic Energy of Canada Limited (AECL). The EC6 design 
benefi ts from the proven principles and characteristics of the CANDU 6 
design, which is currently in operation in several countries in the world, 
such as natural uranium fuel, two independent safety shutdown systems, a 
separate low-temperature, low-pressure moderator (which provides an 
inherently passive heat sink by permitting heat to be removed from the 
reactor core under abnormal conditions), a reactor vault that is fi lled with 
cool light water (which surrounds the reactor core, providing another 
passive heat sink), on-power refueling, and a modular, horizontal fuel 
channel core. The EC6 design includes a more robust containment with 
thicker walls and a steel liner, enhanced severe accident management, addi-
tion of the emergency heat removal system as a safety system, improved 
shutdown performance for larger loss of coolant accident margins, and a 
plant life of 60 years with one life extension of critical equipment such as 
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fuel channels and feeders at mid-life. The Canadian Nuclear Safety 
Commission (CNSC) is currently conducting the design review of the EC6.

EPR

The European Pressurized Water Reactor (EPR) is the result of a joint 
development effort by Framatome and Siemens, and now made available 
by AREVA. The EPR is a very robust 1600+ MWe four-loop PWR design, 
with a small technology leap. In the EPR, the designers have chosen to use 
active safety systems and increase the redundancy in the power sources and 
the water inventories to manage any potential transients. The EPR also has 
a double concrete containment and a core catcher for the mitigation of 
severe accidents. The core of the EPR is designed to operate with both UO2 
and MOX fuel, and is expected to provide reduced uranium consumption. 
The EPR has been designed to operate under load following conditions 
between 20% and 100% of rated generator power. The EPR includes fully 
digital I&C systems, but does not take advantage of modular construction 
and factory fabrication. EPR reactors are currently under construction in 
Finland, France and China, and planned in the US and India.

ESBWR

GE Hitachi Nuclear Energy’s Economic Simplifi ed Boiling Water Reactor 
(ESBWR) is a 1520 MWe power plant design based on the earlier 670 MWe 
Simplifi ed Boiling Water Reactor (SBWR) design. The ESBWR design 
incorporates innovative, yet proven, features to further simplify an inher-
ently simple direct cycle nuclear plant. The ESBWR completely relies on 
passive safety systems for both normal and off-normal operating conditions, 
such as natural circulation, isolation condensers or gravity-driven cooling 
systems. The core of the ESBWR is shorter and the overall vessel height is 
larger than a conventional BWR, in an effort to maximize natural circula-
tion and avoid the use of recirculation pumps or their associated piping. 
The US NRC provided the ESBWR with an advanced Safety Evaluation 
Report (SER) with no open items in August 2010, and the fi nal design 
certifi cation is expected by September 2011.

KLT-40S

The KLT-40S is a pressurized water reactor based on the commercial 
KLT-40 marine propulsion plant, and is an advanced variant of the reactor 
plants that power nuclear icebreakers. The construction of a small-size fl oat-
ing nuclear cogeneration plant with two KLT-40S reactors is currently 
under way in Russia. The KLT-40S is a modular design in which the reactor, 
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steam generators and main circulation pumps are connected with short 
nozzles. It is a four-loop system including forced and natural circulation of 
the primary coolant, with a once-through coiled steam generator, an exter-
nal gas pressurizer system and passive safety systems.

PHWR

India has developed its own indigenous Pressurized Heavy Water Reactor 
(PHWR) design that consists of 220 MWe, 540 MWe and 700 MWe units. 
India is currently operating 16 units of 220 MWe and two units of 540 MWe. 
Construction of two 700 MWe units is underway. The Indian PHWR was 
developed from the experience in the operation of earlier units and from 
indigenous R&D efforts. The important features introduced in these units 
include two diverse and fast-acting shutdown systems, double containment 
of the reactor building, water-fi lled calandria vault, integral calandria end 
shield assembly, and calandria tube fi lled and purged with carbon dioxide 
to monitor pressure tube leak by monitoring the dew point of carbon 
dioxide. These units also include a valve-less primary heat transport system 
and a simplifi ed control room concept, as well as advanced control and 
instrumentation systems that incorporate computer-based systems to match 
with the advancement in technology.

WWER

The WWER-1000 is a four-loop pressurized water-cooled reactor that 
incorporates active and passive safety systems, and partly adapts to Western 
standards the substantial design and operating experience accumulated in 
the Russian Federation in the last 50 years. It is currently operating in the 
Russian Federation and under construction in China, India and Iran. The 
WWER-1200 is a scaled-up version of the WWER-1000. Like its predeces-
sor, it is a four-loop design with horizontal steam generators, which have a 
track record of providing the longest operating life. The WWER-1200 also 
includes active and passive safety systems, a double containment and severe 
accident mitigation systems, such as a core catcher. Both the WWER-1000 
and WWER-1200 cores use the characteristic hexagonal fuel assemblies (as 
opposed to the traditional square ones used by all other water-cooled 
reactor designs) and would allow for the possibility of using MOX fuel. It 
is currently under construction in the Russian Federation and planned for 
construction in Bulgaria. Since there are some WWER-1000 and WWER-
1200 units currently in operation or under construction, this design has a 
proven construction schedule, as well as some operating experience.

The following designs, also ordered alphabetically, are also evolutionary 
concepts but their current stage of development indicates that they would 
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only be available for deployment in the middle-term. The detailed technical 
data for all these designs can be found in ARIS (IAEA, 2010).

AHWR

The Indian Advanced Heavy Water Reactor (AHWR) has been designed 
by Bhabha Atomic Research Center (BARC) to achieve large-scale use of 
thorium for the generation of commercial nuclear power. This reactor will 
produce most of its power from thorium, with no external input of uranium-
233 in the equilibrium cycle. The AHWR is a 300 MWe, vertical, pressure 
tube type, boiling light water-cooled, and heavy water-moderated reactor. 
The reactor incorporates a number of passive safety features and is associ-
ated with a closed fuel cycle, thus having reduced environmental impact. At 
the same time, efforts have been made to incorporate several features that 
are likely to reduce its capital and operating costs. The basic design of the 
reactor and detailed design of its major nuclear systems have been com-
pleted. The research, design, and demonstration (RD&D) for AHWR has 
been and is being performed at the BARC. The Indian Atomic Energy 
Regulatory Board (AERB) has carried out a pre-licensing safety appraisal 
of the AHWR. Subsequently, the regulatory clearances for different stages 
of construction, starting from plant siting and procurement of long-delivery 
major equipment, will be progressively sought. The construction of the 
AHWR prototype is likely to commence in 2011.

ATMEA1

ATMEA1 brings together fi eld-proven technology that is already incorpo-
rated into AREVA’s EPR and MHI’s APWR. It is a three-loop PWR that 
relies primarily on active safety systems, and incorporates severe accident 
mitigation features. Fuel cycle lengths can be set to be from 12 to 24 months. 
Fuel management variations in ATMEA1 can go from a full uranium oxide 
core to a mixed core with MOX fuel up to one-third of the core for the 
standard design, and up to 100% without any major design modifi cation. 
The core design includes a radial neutron refl ector that improves neutron 
utilization, thus reducing the fuel consumption, and reduces the irradiation 
to the vessel.

CAREM

CAREM (in Spanish, Central Argentina de Elementos Modulares) is an 
Argentinian nuclear reactor that has an indirect-cycle reactor with some 
distinctive and characteristic features that greatly simplify the design, such 
as an integrated primary cooling system, self-pressurized primary system 
and safety systems relying on passive features. The fi rst step of this project 
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is the construction of a 27 MWe (CAREM-25) prototype in Argentina. 
CAREM has been recognized as an International Near Term Deployment 
(INTD) reactor by the Generation IV International Forum (GIF).

IMR

The Integrated Modular Water Reactor (IMR) is a medium-sized power 
reactor with a reference output of 350 MWe and an integral primary system 
reactor with potential deployment after 2020 developed by Mitsubishi 
Heavy Industries in Japan. IMR employs the hybrid heat transport system, 
which is a natural circulation system under bubbly fl ow condition for 
primary heat transportation, and no penetrations in the primary cooling 
system by adopting the in-vessel control rod drive mechanism. These design 
features allow the elimination of the emergency core cooling system. 
Because of its modular characteristics, it is suitable for large-scale power 
stations consisting of several modules and also suitable for small power 
stations, especially when the capacity of the grid is small. IMR also has the 
capability for district heating, seawater desalination, process steam produc-
tion, and so forth.

IRIS

IRIS is a modular light water reactor with an integral primary system con-
fi guration designed by an international group of 20 organizations from nine 
countries led by Westinghouse. ARIS has a simplifi ed compact design where 
the primary vessel houses steam generators, pressurizer and pumps; a novel 
safety approach; and an optimized refueling cycle with intervals of at least 
four years. Due to its integral confi guration, in IRIS a variety of accidents 
are by design either eliminated or their consequences and/or probability of 
occurring are greatly reduced. This provides a superb defense in depth 
which may allow IRIS to support a claim of no need for an emergency 
response zone.

KERENA

KERENA (earlier known as SWR-1000) is an evolutionary boiling water 
reactor based on the experience gained from the proven engineering of 
current generation BWR plants supplemented by an innovative approach. 
The current fi nal basic design of KERENA is part of a strategic partnership 
between AREVA and the German utility E.ON Kernkraft. In KERENA, 
safety systems have been simplifi ed by introducing passive safety systems, 
and most nuclear safety functions are performed by active systems with a 
passive system as backup. The core height has been reduced to promote 
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natural circulation, and the eight reactor water recirculation pumps are the 
so-called wet-motor pumps, where the electric pump motor is situated 
inside the reactor coolant pressure boundary.

mPower

The mPower, designed by Babcock and Wilcox (B&W) in the USA, is a 
scalable and modular system in which the nuclear core and steam genera-
tors are contained within a single vessel. It is a modular reactor designed 
to match customer demand in 125 MWe increments. mPower employs an 
integral nuclear system design, passive safety systems, a 4.5-year operating 
cycle between refueling, 5% enriched fuel, secure underground contain-
ment, and spent fuel pool capacity for the life of the plant. A scaled proto-
type of mPower using electric heating instead of nuclear heating is currently 
under construction in the USA to verify the reactor design and safety per-
formance, supporting its licensing activities with the US Nuclear Regulatory 
Commission.

NuScale

NuScale is a reactor design based on a concept originally proposed by 
Oregon State University in the USA. A NuScale plant can consists of one 
to 12 independent modules, each capable of producing a net electric power 
of 45 MWe. Each module includes a Pressurized Light Water Reactor oper-
ated under natural circulation primary fl ow conditions. Each reactor is 
housed within its own high-pressure containment vessel which is submerged 
underwater in a stainless steel-lined concrete pool. In early 2008, NuScale 
Power notifi ed the US Nuclear Regulatory Commission of its intent to 
begin pre-application discussions aimed at submitting an application for 
design certifi cation of a 12-module NuScale power plant.

SMART

SMART is a 300 MWt/100 MWe integral-type PWR designed by KAERI 
in the Republic of Korea. SMART incorporates inherent safety features 
such as the integral confi guration of the reactor coolant system, its improved 
natural circulation capability, a passive residual heat removal system and 
an advanced LOCA mitigation system. SMART has a low power density 
core that uses 5 w/o UO2 and results in a thermal margin of more than 15% 
to accommodate any design basis transients with regard to the critical heat 
fl ux. SMART has been conceived as a multipurpose energy source including 
non-electric applications such as seawater desalination, district heating or 
other industrial applications.
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9.4.2 Innovative reactor designs

As discussed in Section 9.2, evolutionary reactor designs have concentrated 
on improving the economics and the performance of existing nuclear reac-
tors. Beyond 2030, it is anticipated that new reactor designs will address key 
issues such as the closure of the fuel cycle or proliferation concerns while 
possibly ensuring competitive economics, safety and performance.

In order for nuclear energy to remain a long-term option in the world’s 
energy mix, nuclear power technology development must meet sustainabil-
ity goals with regard to natural resource utilization and radioactive waste 
management. Interest in fast neutron systems and the related fuel cycles 
has reappeared with the realization of their requisite role in meeting these 
goals.

Also in alignment with the above sustainability goals, there has been an 
increased interest in expanding the range of energy products provided by 
nuclear fi ssion beyond electricity production to include industrial heat, 
hydrogen and energy for transportation. In this sense, interest in high-
temperature gas-cooled reactors that may be able to realize these applica-
tions in the most effective manner has also intensifi ed.

Both fast reactors and high-temperature gas-cooled reactors, among 
others, are innovative reactor designs and the achievement of their full 
potential is conditional on continued advances in research and technology 
development.

A few of the topics in which signifi cant work is presently taking place are 
briefl y presented below.

• Core physics: neutronics and thermal-hydraulics. Improvements to safety 
and economics are met through stringently accurate design require-
ments, which must be demonstrated with well-validated calculation 
tools. Presently, in the area of neutronics, the uncertainties on the nuclear 
data relevant to several of these innovative reactor designs in many 
cases are such that they negate the benefi ts offered by advanced mod-
eling and simulation techniques. In the area of thermal-hydraulics, the 
extreme thermal performance expected from these systems imposes the 
need for the accurate determination of thermal-hydraulic parameters to 
relatively high resolution in order to ensure that the relevant safety 
criteria are met in both normal and off-normal operation.

• Fuels and structural materials. Oxide-, metallic-, carbide- and nitride-
based fuels which incorporate depleted, natural and recycled uranium 
as well as possibly recycled plutonium, and even thorium, are considered 
for use in innovative reactors. Advanced structural materials with 
increased strength and creep resistance are sought as a means by which 
to improve reactor performance by allowing for greater design and 
safety margins, longer lifetimes and higher operating temperatures; in 
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parallel, this leads to improved economics through reduction of plant 
materials and permitted fl exibility for design simplifi cations.

• Coolants and coolant technologies. The coolants under consideration for 
innovative reactors include alkali metals (e.g. sodium), heavy liquid 
metals (e.g. lead and lead–bismuth eutectic) and gases (e.g. helium and 
supercritical water). Each demonstrates distinct advantages and disad-
vantages with regard to performance and safety, so much so that serious 
studies are devoted to all.

Several suppliers and designer organizations are working on the develop-
ment of innovative nuclear reactor concepts that address the above con-
cerns, although most of them are still in an early stage of development. 
Some of these are as follows.

• 4S. Toshiba’s 4S (super-safe, small and simple; see Fig. 9.4) is a small 
sodium-cooled reactor without on-site refueling in which the core has a 
lifetime of approximately 30 years. Being developed as a distributed 
energy source for multipurpose applications, the 4S offers two outputs 
of 30 MWt and 135 MWt, respectively selected from demand analyses. 
Although 4S has a fast neutron spectrum it is not a breeder reactor since 
blanket fuel, usually consisting of depleted uranium located around the 
core to absorb leakage neutrons from the core to achieve breeding of 
fi ssile materials, is not provided in its basic design. The reactor power 
can be controlled by the water/steam system without affecting the core 
operation directly. The capability of power self-adjustment makes the 
reactor applicable for a load-follow operation mode. The reactor is a 
pool type, integral type as all primary components are installed inside 
the reactor vessel.

Steam generator

Nuclear reactor
Turbine, power

generator

9.4 The 4S Design (Toshiba).
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• PRISM. The PRISM reactor is a 2200 MWe modular sodium-cooled fast 
reactor whose development began as a joint project between General 
Electric (GE) and the US Department of Energy as part of the advanced 
liquid-metal reactor (ALMR) program. Development has since contin-
ued at GE-Hitachi, and the design today incorporates Generation IV 
objectives. PRISM employs passive safety and uses a modular fabrica-
tion technique to expedite plant construction. PRISM uses metallic fuel 
for better compatibility with the coolant, inherent safety, and ease of 
fabrication in a hot cell.

Beginning in 2000, 10 countries joined together in the Generation IV 
International Forum (GIF) to perform the necessary research and develop-
ment to support the development and deployment of innovative nuclear 
energy systems that can be licensed, constructed, and operated in a manner 
that will provide competitively priced and reliable energy products while 
satisfactorily addressing nuclear safety, waste, proliferation, and public per-
ception concerns (GIF, 2002). GIF experts assessed a large number of 
candidate reactor concepts by using the common GIF evaluation methodol-
ogy resulting in the following six reactor systems selected.

The Gas-Cooled Fast Reactor (GFR, Fig. 9.5) system features a fast-
neutron spectrum and closed fuel cycle for effi cient conversion of fertile 
uranium and management of actinides. The reference reactor is a 
600-MWth/288-MWe, helium-cooled system operating with an outlet tem-
perature of 850°C using a direct Brayton cycle gas turbine for high thermal 
effi ciency. Several fuel forms are being considered for their potential to 
operate at very high temperatures and to ensure an excellent retention of 
fi ssion products: composite ceramic fuel, advanced fuel particles, or ceramic 
clad elements of actinide compounds. Core confi gurations are being con-
sidered based on pin- or plate-based fuel assemblies or prismatic blocks. 
The GFR is estimated to be deployable by 2025.

The Lead-Cooled Fast Reactor (LFR, Fig. 9.6) system features a fast-
neutron spectrum and a closed fuel cycle for effi cient conversion of fertile 
uranium and management of actinides. The system uses a lead or lead/
bismuth eutectic liquid-metal cooled reactor. Several options with different 
plant sizes have been proposed including a battery of 50–150 MWe that 
features a very long refueling interval, a modular system rated at 
300–400 MWe, and a large monolithic plant option at 1200 MWe. The fuel 
is metal or nitride-based, containing fertile uranium and transuranics. The 
LFR system is estimated to be deployable by 2025.

The Molten Salt Reactor (MSR, Fig. 9.7) system features an epithermal 
to thermal neutron spectrum and a closed fuel cycle tailored to the effi cient 
utilization of plutonium and minor actinides. In the MSR system, the fuel 
is a circulating liquid mixture of sodium, zirconium, and uranium fl uorides. 
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9.5 GIF Gas-cooled Fast Reactor (GFR) generic concept (illustration 
courtesy of Idaho National Laboratory).

The molten salt fuel fl ows through graphite core channels, producing a 
thermal spectrum. The heat generated in the molten salt is transferred to a 
secondary coolant system through an intermediate heat exchanger, and 
then through another heat exchanger to the power conversion system. 
There is no need for fuel fabrication. The reference plant has a power level 
of 1000 MWe. The system operates at low pressure (<0.5 MPa) and has a 
coolant outlet temperature above 700°C, affording improved thermal effi -
ciency. The MSR is estimated to be deployable by 2025.

The Sodium-Cooled Fast Reactor (SFR, Fig. 9.8) system features a fast-
neutron spectrum and a closed fuel cycle for effi cient conversion of fertile 
uranium and management of actinides. Two options have been envisioned. 
The fi rst is an intermediate-size (150 to 500 MWe) sodium-cooled reactor 
with a uranium–plutonium–minor-actinide–zirconium metal alloy fuel, 
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9.6 GIF Lead-cooled Fast Reactor (LFR) generic concept (illustration 
courtesy of Idaho National Laboratory).

supported by a fuel cycle based on pyrometallurgical processing in colo-
cated facilities. The second option is a medium to large (500 to 1500 MWe) 
sodium-cooled fast reactor with mixed uranium–plutonium oxide fuel, sup-
ported by a fuel cycle based upon advanced aqueous processing at a central 
location serving a number of reactors. The outlet temperature is approxi-
mately 550°C for both. The SFR is estimated to be deployable by 2015.

The Supercritical-Water-Cooled Reactor (SCWR, Fig. 9.9) system features 
two fuel cycle options: the fi rst is an open cycle with a thermal neutron 
spectrum reactor; the second is a closed cycle with a fast-neutron spectrum 
reactor and full actinide recycle. Both options use a high-temperature, high-
pressure, water-cooled reactor that operates above the thermodynamic 
critical point of water (22.1 MPa, 374°C) to achieve a thermal effi ciency 
approaching 44%. In either option, the reference plant has a 1700-MWe 
power level, an operating pressure of 25 MPa, and a reactor outlet tempera-
ture of 550°C. Passive safety features similar to those of the simplifi ed 
boiling water reactor are incorporated. The balance-of-plant is considerably 
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9.9 GIF Supercritical Water Cooled Reactor (SCWR) generic concept 
(illustration courtesy of Idaho National Laboratory).

simplifi ed because the coolant does not change phase in the reactor. The 
SCWR system is estimated to be deployable by 2025.

The Very-High-Temperature Reactor (VHTR, Fig. 9.10) system uses a 
thermal neutron spectrum and a once-through uranium cycle. The VHTR 
system is primarily aimed at relatively faster deployment of a system for 
high-temperature process heat applications with superior effi ciency (see 
Section 9.5). The reference reactor concept has a 600-MWth helium-cooled 
core based on either the prismatic block fuel of the Gas Turbine–Modular 
Helium Reactor (GT-MHR) or the pebble fuel of the Pebble Bed Modular 
Reactor (PBMR). The primary circuit is connected to a steam reformer/
steam generator to deliver process heat. The VHTR system has coolant 
outlet temperatures above 1000°C. The system may incorporate electricity 
generation equipment to meet cogeneration needs. The system also has the 
fl exibility to adopt U/Pu fuel cycles and to offer enhanced waste minimiza-
tion. The VHTR system is the nearest-term hydrogen production system, 
estimated to be deployable by 2020.
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9.10 GIF Very High Temperature Reactor (VHTR) generic concept 
(illustration courtesy of Idaho National Laboratory).

9.5 Non-electrical applications

When evaluating the various nuclear technology options available, it is 
important to keep in mind that nuclear power also has important potential 
in the area of non-electric applications such as desalination, hydrogen pro-
duction, district heating, oil refi ning, tertiary oil recovery or coal gasifi cation 
(see Fig. 9.11). Indeed, there is experience with nuclear power in the heat 
and steam market in the low-temperature range, i.e. desalination and dis-
trict heating. An extension appears possible on a short term in these areas 
as well as for tertiary oil recovery. The petrochemical and refi ning industries 
represent another huge potential with their growing demand for hydrogen 
and process steam due to the increasing share of fossil fuels such as heavy 
oils, oil shale or tar sands entering the market. In the high-temperature heat 
market, nuclear is also applicable to the production processes of liquid fuels 
or of hydrogen by steam reforming or water splitting, compatible with the 
needs of the transportation sector. The feasibility of steam reforming of 
methane or coal gasifi cation under nuclear conditions was already success-
fully demonstrated.

There are many other industrial sectors (such as paper and pulp, food 
industry, automobile industry, or textile manufacturing) which have a high 
demand for electricity and heat/steam at various levels of temperature and 
pressure. In such industrial processes, the reliability and availability of the 
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9.11 Potential non-electric applications of various nuclear reactor types.

energy supply is essential, demanding the continuous operation of their 
process units approaching 100%. The temperatures required cover a wide 
spectrum. With respect to the required capacity, 99% of the industrial users 
need thermal power of less than 300 MW, which accounts for about 80% 
of the total energy consumed. Half of the industrial users even demand 
thermal power in the range of less than 10 MW. Ensuring supply security 
by diversifi cation of the primary energy carriers and, at the same time, limit-
ing the effects of energy consumption on the environment will become 
more important goals in the future.

In principle, any type and size of nuclear reactor can be used as heat 
source for various processes and applications. No technical impediments to 
coupling nuclear reactors to such applications have so far been observed, 
although a number of safety-related studies of coupled systems may still be 
necessary. Different types of nuclear reactors provide a different range of 
coolant temperatures. The higher the temperature, the larger is the range 
of applications and products. Current Light Water Reactors (LWR) are 
characterized by maximum temperatures of less than 320°C, only allowing 
steam production at a lower quality. Hence, they are mainly used for elec-
tricity generation with occasional steam extraction. In Fast Breeder Reactors 
(FBR) the coolant reaches a higher temperature of around 500°C, while 
High-Temperature Gas-Cooled Reactors (HTGR) are able to provide 
steam up to a temperature of 950°C. It is an area where nuclear energy 
specifi cally from HTGRs could play a major role in future (Fig. 9.12).
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9.12 Cogeneration using high-temperature gas-cooled reactor.

The main challenges at present are to combine nuclear power and non-
electric applications into a single strategy and to establish the transition 
technologies from present industrial practice to emerging new resources in 
order to stabilize energy cost. The renewed interest in nuclear power pro-
duction may lead to an increased role for nuclear energy in the area of 
non-electric applications, which currently are almost entirely dominated by 
fossil fuel energy sources. Among other advantages (including less environ-
mental impact and high energy content of nuclear fuel) of the use of nuclear 
energy for non-electric applications is that nuclear reactors offer process 
heat at a wide spectrum of temperatures from some 200°C to 1000°C, which 
covers practically the whole range required for most non-electric applica-
tions, including waste heat which can be harnessed in some very low-
temperature non-electric applications such as seawater desalination.

Cogeneration may become the most suitable option for non-electric 
applications. In this case the steam and electricity can be produced with 
a single nuclear plant. The cogeneration mode has several practical 
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advantages: an increased plant thermal effi ciency, the possibility of varying 
the heat supply according to demand and an easier implementation, as 
almost all nuclear reactors for electricity production can be adapted. Thus 
the fi rst nuclear non-electric applications are likely to be of the cogenera-
tion type. This has been confi rmed by the experience with nuclear district 
heating and desalination.

9.5.1 Seawater desalination

Due to water scarcity, total contracted desalination capacity (from both 
seawater and brackish water) has almost tripled in the past decade, reaching 
a global online capacity of about 50 million m3/d. Desalination has proven 
during the last 50 years its reliability to deliver large quantities of fresh 
water from the sea. Technological advances of the last decade have helped 
desalination to spread faster and to become a reliable way to supply water 
and consequently to promote sustainable development. Among the drivers 
for the growing interest in seawater desalination using nuclear energy are 
cheaper energy, less uncertainty on energy costs, higher load factor of the 
desalination plant, better load factor of the nuclear unit, utilization of the 
nuclear plant’s unused land, and reduction of the desalination carbon foot-
print. The future requires effective integration of energy resources to 
produce power and desalinated water economically with proper consider-
ation for the environment.

The principal desalination processes are based either on distillation or 
on membrane separation. The fi rst group includes the widely applied com-
mercial methods of Multi-Stage Flash Distillation (MSF) and Multiple 
Effect Distillation (MED). Still under development is Thermal Vapor 
Compression distillation (TVC) which is a promising process with a higher 
conversion ratio. The main characteristics of distillation processes are high 
energy cost, independence from feed water quality and simple technology 
with wide experience worldwide. The processes using membranes are char-
acterized by having lower energy costs, dependent on the feed water quality, 
and simplicity. Major thermal energy in the range of 100–130°C is required 
to heat the feed water.

All existing designs of nuclear reactors could be used to provide electric-
ity, low-temperature heat and/or combinations of both as required for 
desalination. Relevant experience with nuclear desalination is already 
available. The use of nuclear heat requires a close location of the nuclear 
plant to the desalination plant, while the use of electricity generated by 
nuclear energy for reverse osmosis (RO) does not differ from any other use 
of electricity in that the energy source may be located far from the cus-
tomer, with electricity being provided through the electricity grid. It should 
be noted, however, that electricity taken directly from the plant is cheaper 
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than the electricity from the grid and that a distant location would not allow 
the use of warm water from a condenser for the RO feed.

Limited experience exists with nuclear desalination since the 1960s from 
nine nuclear units in Japan and one in Kazakhstan. The latter was a BN-350 
fast reactor which produced 135 MWe and 80,000 m3/d of fresh water by 
MED over 27 years before it was removed from operation in 1999. In Japan, 
nuclear desalination is experienced in the form of having the desalination 
plants constructed on-site of the nuclear power plant with aim at supplying 
the required make-up cooling water to these nuclear power plants. Such 
desalination plants have in general small capacities of 1000–3000 m3/d. In 
India, a combined MSF and RO hybrid system connected to twin 170 MWe 
pressurized heavy water reactors has been constructed and is, presently, in 
the commissioning phase. With capacities of 1800 m3/d by RO and 4500 m3/d 
by MSF, it will become the largest nuclear-based desalination plant in the 
world. Optimization of water desalination using nuclear reactors has been 
analysed, and studies are still under investigation in several countries.

New developments in nuclear desalination are numerous as many coun-
tries have consistently progressed almost simultaneously in three technical 
fi elds: the development of improved or new generation nuclear reactors, the 
improvements in desalination technologies and the adoption of many cost 
reduction strategies. An interesting feature of this development is that many 
countries, normally not considered as exporting countries, have begun to 
develop their own nuclear reactors. For example, Argentina is developing 
the CAREM reactor. China is pursuing the development of the dedicated 
heat only reactor NHR-200 providing relatively low-temperature heat for 
an MED process, with some electricity production to meet the local electric-
ity needs. India is going along with a consistent evolutionary approach to 
develop its advanced PHWRs. The Republic of Korea continues with its 
program to develop the System-integrated Modular Advanced Reactor 
(SMART). South Africa is developing the PBMR which can be used for 
electricity generation, hydrogen production and desalination (although the 
project is currently frozen).

9.5.2 Hydrogen production

As an alternative path to the current fossil fuel economy, a hydrogen 
economy is envisaged in which hydrogen would play a major role in all 
sectors of the economy by replacing fossil fuels. Indeed, the hydrogen 
economy has received much renewed interest because of the new develop-
ments in HTGR technology. Nuclear-generated hydrogen has important 
potential advantages over other sources that will be considered for a 
growing hydrogen economy. Nuclear hydrogen requires no fossil fuels, 
results in lower greenhouse-gas emissions and other pollutants, and lends 
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itself to large-scale production. These advantages do not ensure that nuclear 
hydrogen will prevail, however, especially given strong competition from 
other hydrogen sources. There are technical uncertainties in nuclear hydro-
gen processes, certainly, which need to be addressed through a vigorous 
research and development effort. The hydrogen storage and distribution 
are also important area of research to be undertaken for bringing in a suc-
cessful hydrogen economy regime in future.

The current worldwide hydrogen production is roughly 50 million tonnes 
per year. Although current use of hydrogen in energy systems is very 
limited, its future use could become enormous, especially if fuel-cell vehicles 
would be deployed on a large commercial scale. Meanwhile in the near 
term, the developments of plug-in vehicles and hybrid vehicles could 
provide enough experience on the use of hydrogen in the transport sector. 
The hydrogen economy is getting higher visibility and stronger political 
support in several parts of the world. In addition, in a future energy economy, 
hydrogen could compensate for the variable demand for electricity as a 
storable medium by means of fuel cell power plants and also serve as spin-
ning reserve. Together, they both offer much more fl exibility in optimizing 
energy structures.

Considerable work has been done regarding technologies for the nuclear 
production of hydrogen, and technical feasibility is well established. 
Signifi cant issues remain with regard to the development of licensed, eco-
nomically competitive designs, but the enormous energy market associated 
with transportation alone justifi es the investment of funds required to 
address these issues to enhance the effi ciency of hydrogen production in 
the long term. In the nearer term, production of hydrogen through elec-
trolysis using nuclear-generated electricity can be a viable option, particu-
larly for the distributed production of hydrogen using off-peak power. The 
US, Japan, and other nations are exploring ways to produce hydrogen from 
water by means of electrolytic, thermo-chemical, and hybrid processes. 
Most of the work has concentrated on high-temperature processes such as 
high-temperature steam electrolysis (HTE) and the sulphur–iodine (SI) 
and calcium–bromine cycles. These processes require higher temperatures 
(>750°C) than those that can be achieved by water-cooled reactors.

Advanced reactors such as the very high-temperature gas-cooled reactor 
(VHTGR) can generate heat at these temperatures, but will require several 
years before they are commercially deployed. Yet, high-temperature reac-
tors are seen as the most suitable option for the production of nuclear 
hydrogen using either the sulphur–iodine thermo-chemical cycle or high-
temperature electrolysis. Current light water reactors represent another 
approach for the production of nuclear hydrogen when their off-peak 
nuclear-generated electricity is being used with existing water electrolysis 
production technologies.
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9.5.3 Other industrial applications

The main industries interested in the use of process heat are the petroleum 
and coal processing, chemical, paper, primary metal and food processing 
industries. The application of nuclear heat for industrial process applica-
tions has signifi cant potential that has not yet been realized to a large 
extent. Currently, only the Goesgen reactor in Switzerland and the RAPS–2 
reactor in India continue to provide heat for industrial processes, whereas 
other nuclear heat systems used for industrial processes have been discon-
tinued even after successful use. Among the reasons cited for the closure 
of these units, one is availability of cheaper alternate energy sources, includ-
ing waste heat near the industrial complexes. Previous experiences with 
nuclear energy in providing process heat for industrial purposes exist in 
Canada, Germany, Norway and Switzerland. In Canada, several CANDU 
reactors supplied steam for industries such as food processing and industrial 
alcohol production until 1998. In Germany, the Stade PWR has supplied 
steam for a salt refi nery located 1.5 km from the plant during the period 
December 1983 to November 2003. In Norway, the Halden Reactor has 
supplied steam to a nearby factory for many years. In Switzerland, the 
Goesgen PWR has been delivering process steam to a cardboard factory 
located 2 km from the plant since 1979.

9.5.4 District heating

Economic studies generally indicate that district heating costs from nuclear 
power are in the same range as costs associated with fossil-fueled plants. In 
the past, the low prices of fossil fuels have stunted the introduction of 
single-purpose nuclear district heating plants. Although many concepts of 
small-scale heat-producing nuclear plants have been presented during the 
years, very few have been built. However, as environmental concerns mount 
over the use of fossil fuels, nuclear-based district heating systems have 
potential. As will be shown, there is indeed a very large market for district 
heating. Nuclear district heating is in use in several countries and is techni-
cally a mature industry. District heating accounts for 11% of total fi nal 
energy consumption in Central Europe and Ukraine and over 30% in 
Russia and Belarus. District heating accounts for almost half of the heat 
market in Iceland (95%), Estonia, Poland, Denmark, Finland and Sweden. 
Its future expansion will be determined by a combination of several factors, 
such as the size and growth of the demand for space and water heating, 
competition between heat and non-heat energy carriers for space and water 
heating, and competition between nuclear and non-nuclear heating. The 
availability of a heat distribution network is an important factor for nuclear 
district heating. In technical perspectives, district heating requires a heat 
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distribution network for transporting steam or hot water with a typical 
temperature range of 80–150°C, a heat source in a range of 20 km close to 
the customer, a small capacity of 600–1200 MW(th) depending on the size 
of the customer, an annual load factor of less than 50%, and the required 
backup capacity.

9.5.5 Innovative applications

Another potential future application of nuclear process heat is the use of 
nuclear energy for fuel synthesis (including hydrogen production), coal 
gasifi cation, and oil extraction including oil sand open-pit mining and deep-
deposit extraction in Canada. Alberta’s oil sand deposits are the second 
largest oil reserves in the world, and have emerged as the fastest growing, 
soon to be dominant, source of crude oil in Canada. Coal gasifi cation/liq-
uefaction as a relatively cleaner fossil fuel source are an area of active 
interest. Production of synfuels and other hydrocarbons using nuclear heat 
is another area of greater promise. CO2 can be used as feedstock together 
with water, nuclear heat and electricity for producing synthetic hydrocar-
bons, which may be a better energy carrier than hydrogen. This can also act 
as a CO2 sink, reducing its emission to the environment. Preliminary esti-
mates indicate that synfuels could be produced at prices comparable to or 
even lower than those of fossil fuels. Further work on integrated nuclear–
chemical complexes is desirable to gain vital experience in this area. 
Hydrogen may be applied to all types of transportation including aircraft, 
ships and trains (all could be powered by liquefi ed hydrogen). Future wide-
spread use of gaseous hydrogen for fuel road vehicles is already widely 
acknowledged.

9.6 Sources of further information and advice

IAEA Advanced Reactors Information System (ARIS), http://aris.iaea.org

The IAEA has developed ARIS (IAEA, 2010), a web-accessible database 
that provides Member States with balanced, comprehensive and up-to-date 
information about all advanced reactor designs and concepts. ARIS includes 
reactors of all sizes and all reactor lines, from evolutionary water-cooled 
reactor designs for near-term deployment, to innovative reactor concepts 
still under development such as gas-cooled and fast-reactor designs or 
small- and medium-sized reactors. ARIS allows users to sort and fi lter the 
information based on a variety of relevant criteria, thus making it easy to 
capture the general trends and to identify the differences between the 
diverse designs and concepts.
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Generation IV International Forum, http://www.gen-4.org/

The Generation IV International Forum (GIF, 2002) is a cooperative inter-
national endeavor organized to carry out the research and development 
needed to establish the feasibility and performance capabilities of the next-
generation nuclear energy systems. Their website provides technical infor-
mation about the innovative reactor concepts being considered under GIF.

IAEA Nuclear Hydrogen Production, http://www.iaea.org/
NuclearPower/HEEP/

In addition to several publications on hydrogen production using nuclear 
energy, the International Atomic Energy Agency makes available at no cost 
to all Member States software called the Hydrogen Economic Evaluation 
Programme (HEEP).

IAEA Nuclear Desalination, http://www.iaea.org/
NuclearPower/Desalination/

In addition to several publications on nuclear desalination, the International 
Atomic Energy Agency makes freely available to all Member States soft-
ware termed the Desalination Economic Evaluation Programme (DEEP).
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10
Nuclear safety in nuclear power programs

D. A. MENELEY, Atomic Energy of Canada Ltd, Canada

Abstract: Nuclear safety includes all aspects of protection of humans and 
the environment from the harmful effects of ionizing radiation existing 
or produced during operation. This chapter outlines all aspects of the 
safety of nuclear-electric generating stations with the exception of 
conventional industrial safety. Due to the very broad scope of this 
subject, extensive reference is made to open literature on the subject. 
The objective of the chapter is to assist those persons interested in 
starting a new energy venture to reach a basic understanding of this 
technology and its application to satisfy human needs for energy.

Key words: protection of the public, international standards and guides, 
national regulatory body, operational safety, safety management systems.

10.1 Introduction

Close attention to nuclear safety is easily justifi ed on each of three factors: 
protection of the public, protection of the operating staff, and protection of 
the plant. As identifi ed in governing regulations (IAEA, 2006), safety is the 
full responsibility of the plant licensee (INSAG, 1999a, p. 15). From fi rst 
principles, any delegated responsibility still remains in full force with the 
delegator. Each regulatory agency acts in the role of safety auditor during 
operation in order to ensure that the plant is operated within the scope of 
the licensee’s authority and in accordance with national standards and regu-
lations. The operating organization holds, at all times, authority to operate 
the plant only within the provisions of the operating licence, and commen-
surate with its stated responsibility. This authority normally is delegated by 
the regulatory agency on behalf of the government of the country. Since 
delegated responsibility always remains in full force with the delegator, the 
government and regulatory agency remain ultimately responsible for safe 
performance of the nuclear energy enterprise.

10.1.1 Protection of the public

This factor usually receives the most attention in day-to-day discussions 
because of its importance within the political process and therefore the 
emphasis on public protection by the safety regulatory agency. The owner 
must, of course, justify adequate safety to the regulatory authority in order 
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to obtain permission to operate the plant. It also is necessary for the owner 
to operate the plant safely at all times, in order to maintain the trust and 
goodwill of the community. This illustrates a fundamental reality; it is that 
any regulatory agency in a nation with a responsive government must 
conduct a licensing process that is partly technical and partly socio-political 
– and the ultimate judge of suffi cient safety is the body politic.

10.1.2 Protection of the operating staff

Normally, the plant owner must justify suffi cient nuclear safety provisions 
to satisfy the requirements of labour regulatory bodies as well as those 
deemed essential by union and non-union staff. This requirement becomes 
an integral part of the regulations related to safety in the workplace, also 
known as industrial safety. The owner must train and maintain the vigilance 
of staff exposed to ionizing radiation in the course of their duties.

10.1.3 Protection of the plant

Protection of the plant normally is not considered in discussion of safety 
principles. However, all safety authorities recognize the importance of a 
healthy safety culture to maintaining low plant risk (i.e. excellent plant 
safety). All safety culture begins with senior management. Protection of the 
plant investment is widely recognized as one of the fundamental responsi-
bilities of senior management, usually by the plant’s shareholder(s). The 
operating organization must justify plant protection to the owner(s). Over 
time, congruence of these two management responsibilities may prove to 
be the single most important factor in assurance of real safety within and 
outside the plant at all times.

Protection of the plant includes protection against damage from external 
hazards. In the fi rst instance, this falls within the scope of the owner’s invest-
ment protection – for example against fi re, fl ood, wind, earthquake and 
other natural phenomena. Protection of plant functions under these condi-
tions is, of course, to be considered as one aspect of public and staff 
protection.

10.1.4 Scope of application

Consideration of nuclear safety begins on or before the fi rst day of a pro-
posed project; this chapter is devoted entirely to a description of this aspect 
of plant justifi cation. At the same time it must be recognized that all of the 
earlier considerations lead up to safety in actual operation – the plant is 
safe in the sense of radiological risk until its nuclear fuel materials arrive 
on site. From that day until the day that the licence of the plant is fi nally 
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transferred to a second licensee or until the need for a radiation-related-
licence is no longer required, it is the operating organization that is ulti-
mately responsible for its safety, within the scope of its operating licence 
and in accordance with national standards and regulations.

10.1.5 Support systems for the operating company

There are many organizations that can and will help an operating organiza-
tion build up the necessary skills, recommend their optimal business and 
professional infrastructure, and assess the performance of the organization 
over the lifetime of the plant. In addition, current members of some of these 
organizations, usually who operate similar plants to the one that the new 
operating organization has built, have formed ‘owners groups’ with the 
purpose of exchanging detailed operating information and experience. 
Some have set up arrangements whereby they manage common research 
and development projects on behalf of their members. These owners’ groups 
have proven to be very valuable in broadening knowledge as well as in 
reducing operating costs.

10.1.6 Independent safety auditor

From the earliest beginning of the nuclear era, governments have estab-
lished, and then have relied on regulatory organizations to audit the per-
formance of organizations of all sorts related to use of ionizing radiation 
– isotope users, miners, researchers, health professionals, and power plant 
operators. These regulatory organizations issue licences to operate within 
carefully defi ned rules and regulations. They usually perform detailed audit-
ing and enforcement duties, especially through staff members at the loca-
tion of major facilities such as power plants.

The positive value of audit staff to the plant owner/operator arises from 
their emphasis on safety. This emphasis helps to provide balance to the 
strong motivation of plant senior management, who may at times consider 
production as their fi rst and overriding priority. This need for balance pro-
vides the most fundamental infrastructure requirement that justifi es the 
purchase of a nuclear plant; that is, the need for a competent review of plant 
safety performance before the plant is purchased, to ensure that later per-
formance will meet the exacting standards required by the safety regulatory 
agency.

10.2 Basic safety principles

The basic safety principles applicable to nuclear power plants have been 
well known for decades. They were fi rst documented by the IAEA 
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International Nuclear Safety Advisory Group (INSAG, 1988) and were 
updated in 1999. In 2006, the IAEA published a broadly supported docu-
ment entitled Fundamental Safety Principles (IAEA, 2006). These docu-
ments stop short of defi ning the requirements of any specifi c power plant 
design, but do provide a prospective plant owner with all of the principles 
on which the modern world’s nuclear safety approaches are based.

10.2.1 Protection required for large and small 
nuclear reactors

The most important information regarding public safety is to determine 
both the frequency and the consequence of any potential reactor accident. 
The consequence of a severe reactor accident could, for example, be an 
excessive dose of radiation to one or more members of the public. The risk 
of such an event depends, of course, on the amount of radioactive material 
that could be released – that depends, other factors being equal (e.g. reactor 
and containment design), on the power level of the reactor under consid-
eration. Smaller reactors do not have the same level of radioactive material 
in them, and so their inherent risk is lower.

Large power reactors

At the beginning of the nuclear energy era, several countries developed 
more or less independent standards in the attempt to defi ne the acceptable 
level of risk, in terms of risk to the general public. The methods varied from 
simple dose limits within a specifi ed frequency range (Hurst and Boyd, 
1972) down to detailed listings of specifi c equipment that must be installed 
(Murley et al., 1991). These criteria have been refi ned over past decades; 
the present-day international standards for achieving a satisfactory level of 
power reactor safety can be found in IAEA publications (NS-R-1, 2000 and 
13 associated guides). These documents are not, in general, specifi c enough 
to serve as national standards for reactor licensing. Generally, each national 
regulatory group establishes a unique set of specifi c documents for licensing 
purposes. Most of these national regulations make reference to the higher-
level IAEA documents. Within the community of large reactor owners 
there has been a major cooperative effort to establish inter-plant commu-
nication as well as codes of ‘best practice’ to disseminate detailed plant 
operational and safety information to new owners. It is strongly recom-
mended that a prospective new plant owner should join the appropriate 
group and to seek information and training from them. This in recognition 
of the large fi nancial benefi ts that can be gained by doing this, as well as 
the fact that nuclear plant owners know that a serious accident anywhere 
in the world has immediate deleterious effects on all operating plants.
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Small power reactors and research reactors

Recently, IAEA has produced a separate Safety Requirements document 
(NS-R-4 and six associated guides) for small reactors. The Agency is prepar-
ing one further guide entitled The Graded Approach. This guide will describe 
the unique acceptance criteria for this category of fi ssion reactors. In the 
meantime, at least one national regulatory agency (Canada) has already 
produced such a guide showing details of the different levels of require-
ments that may be applied in licensing of small reactors, as well as giving a 
defi nition of this reactor classifi cation.

10.2.2 Safety management

Senior management of any organization whose operation has been autho-
rized by a national regulatory body must be knowledgeable of its obliga-
tions under the operating licence and must be directly involved in setting 
and sustaining safety policy of the organization (IAEA, 2006). It has been 
shown that effective leadership is required to sustain a high level of 
performance, because senior management sets the ‘tone’ for the whole 
organization.

Early in the process of starting a nuclear program, governmental authori-
ties of the country must establish a stable relationship between several 
aspects of the program. Figure 10.1 presents one model of a stable safety 
management relationship.

Safety culture – human performance

The concept of safety culture was introduced to the nuclear industry in 1986, 
shortly after the disastrous accident at the Chernobyl Unit 4 in the Ukraine. 
The concept originated in the chemical industry, where it had been shown 
to enhance human performance by emphasizing the individual responsibili-
ties of operators for the safe performance of the facility.

The International Nuclear Safety Advisory Group (INSAG) has issued 
two documents, INSAG-4 (1991) and INSAG-15 (2002), on the subject of 
safety culture. Safety culture is included as one of the important manage-
ment principles (IAEA, 2006, p. 8). Safety culture has been defi ned many 
times in several different ways. On the other hand, the idea itself seems to 
be quite simple – it is a methodology intended to maximize human perform-
ance. Figure 10.2 represents a cycle of human performance that we all can 
recognize. Some days we feel bright and confi dent, ready to deal with any 
situation that arises during our working day. On other days we feel that we 
are (almost) superhuman. Then, there are days when boredom sets in, and 
nothing seems to be worth doing. And lastly, there are days when we are 
unsure of our ability to perform any complex task in a competent fashion.
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10.1 The Safety management system.

Now, imagine a group of people trying to complete a cooperative task. 
Some happen to be at the high point in their cycle and others at the low 
point. The supervisor’s job description says that he is to make the whole 
group perform in the upper-right quadrant of the cycle; that is, with safety 
and confi dence. However, he or she is also human, and subject to the same 
cyclic behaviour.

If the group is ‘in sync’, and all are operating in the upper right quadrant, 
a great deal of valuable work can be done. But if the group is ‘in sync’ and 
all are at a low point in their personal cycles, then the whole group is inef-
fective, and possibly unsafe.

The job descriptions often referred to as ‘senior management’ can exert 
a powerful infl uence on this success–failure cycle. They can consistently 
encourage staff to work up to their best potential and thereby tend to keep 
them in the high-performance category, or they can discourage staff by their 
own attitude, job performance, or opinions of their work groups they peri-
odically express.

‘Safety culture’ refers, therefore, to a complex matter involving human 
behaviour in groups. Since human beings are by far the most complex 
element in any power plant, it is vital to study and maintain sound 
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10.2 The human cycle of performance.

methodologies and organizational infrastructure that work best within the 
larger social culture of the local community. This subject is at least as impor-
tant to safe operations as are the hardware and equipment installed in the 
plant.

10.2.3 Defence in depth and defence in time

The concept of defence in depth was fi rst utilized in military practice. 
Scattered defensive outposts are, of course, vulnerable to defeat through 
local attack. To overcome this weakness, the defence in depth idea estab-
lished methodologies through which the outposts were linked together via 
communication channels and response doctrine that specifi ed assistance 
from one outpost to others nearby, along with an established deep confi gu-
ration of outposts that together formed a strong network of defence.

Defence in depth

This useful concept has been adopted by the world nuclear industry. A good 
summary of the application of this concept can be found in the IAEA report 
titled Defence in Depth in Nuclear Safety (INSAG-10, 1996). This document 
is based on the original description of this concept published in an earlier 

�� �� �� �� ��



 Nuclear safety in nuclear power programs 301

© Woodhead Publishing Limited, 2012

document (INSAG-3, 1988). Similar descriptions have appeared in design 
and safety-related documents published over the past few decades. Figure 
10.3 illustrates the overall concepts of defence in depth. In this view, the 
processes are separated into two parts – prevention and mitigation, respec-
tively. Some reactor designs may have different specifi c elements in some 
of these positions; however, the principle remains the same – there are 
multiple levels of defence against transfer of radioactive materials from 
their normal positions in the reactor to the public or environment.

Defence in time

The concept of defence in time is much less widely accepted. However, the 
components of defence in time are included in many publications related 
to operational safety. An excellent description of operational safety prin-
ciples and practice is presented in the report Management of Operational 
Safety in Nuclear Power Plants, INSAG-13 (1999b).

Figure 10.4 illustrates the need for defence in time. The question of 
needed defence begins in the immediate present. We can presume that, at 
this time, all plant systems are performing perfectly, in accordance with the 
requirements of the operating licence and in accordance with the design 
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intent. Now, as the time interval beyond this instant increases, uncertainties 
will arise with respect to the functionality of components and systems. The 
future is inherently uncertain. The direct question may be ‘Should we do 
inspection or maintenance operations of component or system “X” at this 
time, or can it wait until tomorrow?’ As time passes the overall uncertainty 
increases regarding the plant’s performance under both normal and poten-
tial abnormal operating conditions – sometimes very rapidly. The answer, 
of course, is careful monitoring of all systems, inspection, and maintenance. 
These multi-faceted actions together constitute ‘defence in time’.

Obviously, the operating crew must carry the responsibility and authority 
for this aspect of safety defence. Infrastructure and methodologies for car-
rying out these tasks must be established before plant fi rst begins to operate, 
and must be continued for the whole lifetime of the plant.

An integral part of defence in time is regular examination, throughout 
the life of the plant, of events in the environment around the plant and to 
some extent events in the whole world that might reveal important short-
comings or unappreciated advantages of the plant for which the operating 
crew is responsible. Revisions and upgrades may be initiated based on these 
regular examinations.

10.2.4 Safety responsibilities and authorities

A mature nuclear energy system includes a large number of people and 
related organizations. However, one fi nds that there is a common basic 
structure needed for successful conduct of any program. This is here identi-
fi ed as the safety management system.
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Safety management system

Maintaining and improving nuclear energy’s safety record requires careful 
attention to authorities and responsibilities so that safety responsibility is 
always placed only along with commensurate authority. Proper assignment 
of responsibility and authority is the very foundation of safety. Note that a 
very similar description of the roles of various groups in plant operation 
can be found in INSAG-13 (1999b).

The fact that safety is an operational matter places the operating company 
in the central position of safety responsibility. Figure 10.1 shows the rela-
tionship between the operating company and the other major participants. 
This is not an organization chart, but is used to indicate the relationship of 
authority and responsibility between the main participants. The top report-
ing relationship is to the public. Supporting roles are played by technocrats 
on one side and by bureaucracies on the other side – the safety tribunal 
authority and the safety performance regulator.

Role of the designer/manufacturer/constructor

The newness of nuclear generation technology, the dominant place of the 
designer/builder in development of the system, and the extended process 
of plant design and construction before the fi rst operating licence is issued 
tend to leave the impression that the central role is played by this group. 
However, it must be recognized that the designer/builder leaves the site 
shortly after fi rst operation and has (at least in Canadian practice) no 
further responsibility for the plant, following handover from the vendor to 
an operating organization. Similar handover practices exist in most, if not 
all, countries. For example, in France where EDF is heavily involved in the 
building of nuclear plants as well as serving as the sole operating organiza-
tion, handover of the plant must be formally executed from the building 
unit of the company to the operating unit of the same company. The prin-
ciple remains the same. The primary role of the designer/builder is to deliver 
a plant to the operating organization that not only meets regulatory require-
ments but also meets the staff and plant protection safety goals. During the 
operating phase, particularly in the early years, the designer/builder might 
perform support services to the operating organization. These services must 
eventually be taken over by either the operating company or a related 
organization whose only commitment is to support of operating stations. 
The operating company has a return responsibility to the designer/builder. 
It must inform designer/builder staff of the design features that are most 
useful during operation from the point of view of performance and safety, 
in addition to comprehensive operational feedback on any components or 
systems that require improvement. Practical considerations will vary in each 
individual case; in every case the essential linkages that must be sustained 
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over the whole operating life of the plant are illustrated in Fig 10.1. 
Fortunately, in recent years it has become ‘best practice’ for the designer/
builder to transfer to the operating organization the same comprehensive 
CADD (computer-aided drafting and design) model that was used to con-
struct the plant. Associated materials lists and other supporting documenta-
tion is also transferred to the operating organization, to serve as a complete 
record of the facility ‘as built’. This model then can be used by the operating 
organization to maintain a record of all in-service experience and mainte-
nance operations. One alternative method for retention of these data is 
described in another INSAG report (INSAG, 2003).

Safety performance regulator’s role as auditor (regulatory staff)

The regulatory staff is assigned the auditor’s role by the safety standards 
authority. They review design features, operating procedures, and training 
to determine the acceptability of the plant for initial and continued opera-
tion. They have no role in design or operation. Furthermore, they cannot 
take any such role without compromising their position as impartial auditor. 
The auditor’s role involves a great deal of questioning of the operating 
company and designer/builder on details of design and operation. This role 
is never a popular one, particularly when approval to proceed with some 
action is held up, apparently to satisfy curiosity. There is, no doubt, some 
unnecessary holdup caused by lack of understanding or by personal factors. 
One the whole, the process is useful to the operating company because this 
is the only external and independent (not to say hostile) review of propos-
als. Internal reviews are valuable but sometimes miss important issues due 
also to lack of understanding or to personal factors.

One of the most valuable early decisions of the Canadian AECB was to 
assign staff at each station site. These people get to know a particular plant 
as well as the operating company supervisory staff, and often much better 
than the designer/builder or central offi ce staff. They are therefore able to 
make reasoned judgments of the quality of safety-related aspects of plant 
operation on a regular basis. Knowing both the equipment and the people, 
they are better able than are central offi ce staff to evaluate special situa-
tions that arise in the fi eld. Central offi ce staff are useful as technical 
backup, but the site staff must carry the main regulatory responsibility. The 
operating company has an obligation to report matters of safety interest to 
the regulatory staff on a regular basis as well as to report any unusual 
occurrences.

Role of the safety standards authority (the tribunal)

The safety standards authority – in the Canadian case the Nuclear Safety 
Commission – carries the authority delegated from the government (and 
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ultimately from the people) to administer the Nuclear Safety and Control 
Act (CNSC, 2000). This Act grants very broad powers to make regulations 
for the administration of the Act. Up until recently, the CNSC chose to write 
only general regulations; specifi c regulatory requirements were applied 
through the licensing process – and so were largely determined by the regu-
latory staff.

In general, the role of the tribunal is to determine the rules under which 
radioactive materials and processes must be managed in Canada. With 
regard to any activity involving ionizing radiation, they sanction the game; 
that is, they permit the activity to proceed provided that the rules are 
followed. Their ultimate power is to stop the activity if the rules are 
violated.

Role of the scientifi c/technical community

The group is defi ned in terms of professional standing. The operating 
company may employ some members of this group, while others may report 
to organizations such as governments, engineering companies, research 
laboratories, and universities. Their common goal is to establish and main-
tain the scientifi c and technical information necessary to carry on the 
nuclear enterprises. In addition, it is their responsibility to carry on their 
activities within the bounds of high professional and ethical standards. On 
occasion, these goals come into confl ict with some of the goals of the orga-
nizations in which these professionals are employed, particularly in matters 
of judgment on the importance of particular technical facts. In such cases 
their employer must recognize the requirements of professional conduct 
under which the scientifi c/technical group operates.

The scientifi c/technical group assists the designer/builder and the operat-
ing company in defi ning the equipment and procedures necessary to achieve 
safe operation. This group also deals directly with the public in explaining 
the details of nuclear power technology and answering any concerns that 
they express. In our society, the scientifi c/technical group has a very high 
rating of credibility with the public. This trust rests, of course, on their con-
tinued adherence to the high professional and ethical standards noted 
above. One this credibility is lost it can be very diffi cult to recover. This is 
one reason that employers must recognize their need to speak openly and 
honestly in areas of their own professional competence. The scientifi c/tech-
nical group must also recognize their special position as trusted interpreters 
of technology to the public. In recent years there have been many cases in 
which members of this group misused this trust by making unsubstantiated 
claims on one side or the other of the nuclear power controversy. The 
overall effect has been a reduction in the credibility of this group with the 
public. In summary, the major roles of the scientifi c/technical group are (a) 
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to provide reliable technical data for design, operation, and licensing, and 
(b) to inform the public of the realities of nuclear energy technology.

Role of the public and government

In the Canadian political system, as well as in many other nations, the public 
ultimately decides what is to be done and what is to be stopped. In this 
sense the whole of the nuclear enterprise reports to them. Offi cially, this 
reporting is done through government agencies and elected offi cials. In 
recent years, however, the public has become much more directly involved 
– the system has become more participatory and less representative. We all 
can recall cases in which public discussion has directly infl uenced the deci-
sions made by both the operating company and the safety standards author-
ity. The safety management system has become a political system rather 
than a purely technical one. This subject is discussed in some detail in a 
recent report by INSAG (INSAG, 2006).

In the present-day climate, consider the position of the operating company 
when faced with a regulatory staff proposal with which they disagree, either 
on the basis of potential negative effect on safety or due to unfavourable 
cost-effectiveness. They can appeal this proposal to the safety standards 
authority in hopes that reason will prevail. The safety standards authority 
may rule against the operating company at least partly because of their 
heavy reliance on the regulatory staff for technical advice. Several means 
have been devised to ensure that regulatory decisions (which may have 
far-reaching consequences) are balanced. The fi rst is to establish a senior 
advisory committee reporting to the head of the regulatory agency, whose 
duty is to advise the authority from a detached, third-party point of view. 
In some countries, formal appeals can be made to separate and unbiased 
bodies established for this purpose.

Role of the operating company

Referring back to Fig. 10.1, the operating company may be considered 
either to be at the centre of the action or to be surrounded on all sides. The 
one indisputable fact is that the operating company is in the nuclear energy 
business for the long run. Since the station is already committed and running, 
the capital is spent and a favourable return on investment can be obtained 
only by operating the plant for a number of years, the operating company 
has no way out but straight ahead. The key element for success of the 
enterprise is for the operating company to earn the confi dence of the people 
in their ability to run the plant safely and effi ciently.
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10.3 Development and application of deterministic 

safety assessment

First, we must ask the question: ‘Why are nuclear reactors hazardous, and 
in exactly what way are they hazardous?’ The answer to this question 
(Meneley, 1999) should underlie the rationale for all analysis of potential 
failures and the means for mitigating those hazards.

10.3.1 Hazards of solid fuel reactors

A typical fuel pellet made of sintered uranium dioxide (melting point 
approximately 2800°C) is shown in Fig. 10.5. Millions of such pellets are 
located in an operating power reactor. Almost all the reaction products of 
fi ssion – fi ssion products – are trapped inside this pellet. The second impor-
tant fact is that most of the heat energy of the fi ssion process is produced 
inside this same pellet. Heat is removed by fl owing coolant (usually high-
pressure water).

It is apparent that either increasing the rate of heat production (i.e. 
increasing the rate of fi ssion) or decreasing the rate of heat removal (i.e. 
decreasing local water pressure or fl ow) threatens to increase the tempera-
ture of the fuel pellet and therefore bring it closer to melting temperature. 
If and when the pellet melts it will release essentially all of its fi ssion prod-
ucts that are volatile at the mixture temperature – some of which are highly 
radioactive. These fi ssion products represent the main hazard of nuclear 
reactor operation.

10.5 Typical nuclear fuel pellets.
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High-pressure water presents an obvious hazard due to the possibility 
that a pipe might break and release the water, and so might lead to over-
heating of the fuel pellets, if emergency water supply were not available. 
Other initiating events that reduce the heat removal rate (e.g. loss of forced 
circulation) add similar hazards.

Returning to the fi ssion process itself, and recalling that the process 
involves a chain reaction, sheds light on yet another hazard of fi ssion reac-
tors. We all know that a chain reaction involving successive generation of 
fi ssions is at the heart of this technology. We also know that a few (less than 
1% of the total) of the next-generation neutrons essential to keep the chain 
reaction going at a constant rate are emitted after a slight delay. This is 
known as the ‘delayed neutron fraction’. Further, to increase reactor power 
we must manipulate controls so that the number of neutrons in each suc-
cessive generation is slightly larger than the number in the previous genera-
tion. It is important to control this increasing neutron population to a very 
low rate so that engineered control systems can return the excess number 
of neutrons per generation to zero once again, when the desired neutron 
density (proportional to the reactor power level) is reached.

A serious hazard may arise if and when the excess number of neutrons 
in successive generations approaches or even exceeds the number of delayed 
neutrons in that generation; in such a case the rate of multiplication becomes 
very much faster. If this number exceeds the delayed neutron fraction, the 
dominant rate of power increase becomes inversely proportional to the 
time between successive fi ssions, and the delayed neutrons are left behind. 
This is known as the ‘prompt critical’ state. Different reactors have different 
characteristic times; they range between about 1 millisecond in a thermal 
neutron reactor design to less than a microsecond in a fast neutron reactor. 
In every case of abnormal operation when a ‘prompt critical’ state can occur 
it is vital to ensure that either inherent characteristics or highly reliable 
engineered systems will act to return the reactor to a non-self-sustaining 
condition – that condition is known as the ‘shut down’ state.

10.3.2 Development of safety protective logic

In early years, two quite distinct approaches to safety design and licensing 
were developed. The fi rst has been associated with Frank Farmer (Farmer, 
1967), who argued that the fundamental rule of engineering design requires 
recognizing the desirable inverse relationship between accident frequency 
and expected accident consequences. This method was elaborated by E. 
Siddall and others and then applied to the licensing of the fi rst large-scale 
CANDU power plant. In this formulation, accidents of all types can be 
presented (Meneley, 1999) on a frequency versus consequence plot (Fig. 
10.6). The initial Canadian approach was later modifi ed to an intermediate 
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method combining the initial probabilistic formulation with specifi c require-
ments to be applied separately to systems used to operate the plant, and 
secondly to an independent set of so-called Special Safety Systems whose 
only functions were to respond to abnormal conditions so as to shut off the 
chain reaction, close the containment envelope, and continue cooling the 
fuel. The current licensing regime in Canada continues in this same style, 
even though many detailed requirements have been added to the original 
concept.

The second approach to licensing was to fi rst establish a set of so-called 
General Design Criteria for Nuclear Power Plants (USNRC, 2010) and then 
to judge licence applications in terms of their success in meeting these 
criteria. In this approach there was no explicit appeal to accident frequency, 
even though the underlying logic can be interpreted as such. This approach 
is still used in the USA and in many other countries; however, it has been 
augmented in many respects, especially through the introduction of speci-
fi cations requiring detailed probabilistic analytical tools. This probabilistic 
approach builds on the work presented in the original report (Rasmussen 
et al., 1975). Figure 10.7 shows a very brief indication of the original results. 
Note that it estimated the risk of operation of 100 large nuclear plants to 
be similar in magnitude to the existing risk of fatalities caused by meteorite 
strikes. Other naturally occurring risks were found to be several decades 
larger. In spite of this highly reassuring fi nding, fear of nuclear energy has 
for more than 25 years barred the further adoption of this safe, economical, 
and sustainable energy source in the United States, and largely in Western 
Europe. There is a fundamental lesson in this experience for nations that 
choose nuclear energy and seek to justify that choice to their citizens (see 
Section 10.3.4).
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The extensive background experience in setting and then meeting safety 
standards in operation, as described in this section, has produced a well-
codifi ed set of international standards and guides for safe operation that 
can be used with confi dence by organizations ready to join in the worldwide 
nuclear energy enterprise.

10.3.3 International standards and design guides

Over the past several decades the IAEA has utilized the technical expertise 
of its member states to formulate and publish standards related to all 
aspects of nuclear reactor safety. These standards can be used immediately 
by the regulatory authorities of member states, to establish their own unique 
safety regulations as befi t their unique circumstances and to incorporate 
these regulations, as desired, into their national governance structure.

The standards and guides developed by the IAEA have been augmented 
over the years by the work and publications of the International Nuclear 
Safety Advisory Group, appointed by the Agency’s Director General. 
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Because of their concise format and their high standard of intellectual 
integrity, this summary of the international safety regime uses these INSAG 
documents as the primary source of guidance to new plant users.

Severe accidents

One of the most important conclusions in the INSAG-12 report (INSAG, 
1999a) is the upper frequency target of 10−4 or less per year for severe core 
damage. This principle is discussed under the heading 2.3 Technical Safety 
Objective, paragraphs 19 to 27, in the INSAG-12 document. The objective 
of this approach is to establish an upper bound recurrence frequency of 
severe core damage accidents that could lead to release of a large amount 
of radioactive material that could, if the containment structure were 
damaged consequent to the event, lead to severe consequences for human 
health.

External events

This term is used to identify abnormal events that are initiated from outside 
the nuclear station. Some examples are earthquakes, tornadoes, aircraft 
crashes, and fl oods. The plant can be protected from many of these events 
before the fact by careful location and investigation of the potential conse-
quences of their occurrence combined with the estimated probabilities. The 
designer is expected to provide either passive or active defence against such 
events; the acceptability of these provisions is one of the major components 
of regulatory review for approval of a nuclear station site.

Recent events (e.g. earthquakes and tsunamis at the plants at Kashiwazaki 
and Daiichi in Japan) have underlined the importance of seismicity in plan-
ning for location of a nuclear station, and for the facilities needed for its 
protection. Specifi cally, the Daiichi situation highlights the hazards of the 
operating state known as ‘station blackout’, meaning the total loss of electri-
cal power for an extended time period. Other external events may prove 
to be equally important in different situations.

10.3.4 Public acceptance

The fi rst and most important issue in establishing a new nuclear power 
program is trust; trust that is earned, deserved, and maintained by all people 
in the industry. The single, most corrosive factor in relationships between 
the industry and the public is a lack of trust. If all stakeholders of this 
enterprise within any nation can establish and retain a high level of trust-
worthiness, public acceptance will not be a problem. Energy supply is a very 
public business, and consequence is very easily linked to the root cause of 
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negligence. A successful nuclear operating organization promotes truthful 
and open interaction with its staff and with the public – nothing is hidden.

10.3.5 Risk involved in nuclear power plant operation

Examining Figs 10.6 and 10.7, it is apparent that the most frequent abnor-
mal events are likely to have zero health consequences to the public. 
However, these events can be very expensive to the operating organization, 
because they often result in power decreases or reactor shutdown. (Most 
of the electricity production cost arises from debt retirement of the plant 
capital cost; operating costs are a relatively small part of the total.) Plant 
management has a very strong motivation toward reduction of these minor 
malfunctions. Obviously, this reality exerts a strong positive effect on overall 
plant safety motivation. The mid-frequency range of malfunctions also 
exerts a strong positive infl uence on plant safety – there is a possibility that 
such accidents might result in some damage to the plant, or at least may 
lead to extended outage time for inspection, repairs or plant modifi cations. 
This is the frequency range in which probabilistic safety analysis is most 
effective, as we will see in Section 10.4.

The ‘disaster range’ of accident events shown in Fig. 10.6 is the range that 
concerns safety regulatory agencies the most; it is the range in which the 
reactor accident might lead to human fatality. In common practice, this is 
the frequency range (∼10−4 per year and lower) over which the special safety 
systems provide the primary defence against health consequences. In US 
practice, this range is identifi ed as the ‘severe accident’ range, which includes 
at least some degree of reactor core disruption.

In the early history of the nuclear industry, this disaster range received 
an undue amount of attention on the part of designers and regulators. The 
reason was that accident models were very simple and extremely conserva-
tive, so that the predicted consequences were correspondingly large. During 
the past several years, more exact and realistic predictions of consequences 
have been made, and so the predicted consequences have become much 
smaller. Nevertheless, regulatory agencies have tended to continue applica-
tion of the very rigid and conservative acceptance criteria that were devel-
oped during the time when analysis models were crude and overly 
conservative. The nuclear reactor safety fi eld is now in transition toward 
more realistic modeling. It is expected that these plants will eventually be 
proven to be considerably safer in terms of human health than they were 
originally thought to be.

In the end, then, the question of whether or not nuclear energy will be 
installed on the very large scale needed to replace today’s energy supply 
from oil, natural gas and coal will probably be determined by a balance of 
fear – between fear of the technology and the fear of falling short of the 
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high level of supply required to maintain the people of the world in good 
health and spirit.

10.3.6 Defence in depth, defence in time

Defence in depth is a design philosophy that is applied universally in nuclear 
reactor design practice. Specifi c applications differ, of course, as reactor 
designs are quite different in their needs for protection against various 
hypothetical events such as sudden closure of turbine shutoff valves, pipe 
breaks, and accidental control rod ejection. In Canadian design philosophy, 
for example, each unit incorporates two independent, fully capable and 
physically diverse shutdown systems to reduce power quickly whenever 
necessary. There is a fast-acting emergency cooling system that would refi ll 
the heat transport circuit in the event of a loss of primary coolant. In addi-
tion, the cool moderator water surrounding each fuel channel would remove 
the decay heat of fi ssion remaining in the fuel, and so prevent fuel melting 
– as a result, broad dispersion of fi ssion products would not occur. The 
containment structure features two independent means of sealing the ven-
tilation systems, on receipt of one or more signals. These mechanisms are 
all kept in a ‘poised’ condition and are initiated by highly reliable detection 
and actuation chains with redundant components and ‘fail-safe’ design 
characteristics. An exclusion zone surrounds the plant. In this zone no per-
manent residence is allowed, so that if radioactive materials were to be 
released in an accident situation there would be no measurable health 
damage to humans.

Defence in time is a new preventative concept, intended to specifi cally 
identify the need for regular attention to the possibility of sudden or wear-
out failures of components and systems in use in an operating nuclear 
station. The basic idea is to establish a methodology requiring preventive 
maintenance for each component and system important to safety, at time 
intervals depending on the life expectancy of the item. Regular mainte-
nance ensures that these components and systems are ready to perform 
their function if required during any possible accident. Testing of these 
systems is conducted on a regular basis; as a result the system is maintained 
in an essentially ‘as new’ condition for the whole operating life of the plant. 
Other jurisdictions have established similar formal structures, usually via 
some form of regulatory requirement; for an example, see USNRC (1991).

10.3.7 Adaptability of safety standards to other 
nuclear technologies

The highest level of IAEA safety standards is intended to be universally 
applicable to all types of nuclear reactors. At this level the fundamental 
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principles of complex engineered systems and the equally complex fi eld of 
human interactions are presented; these principles may indeed be appli-
cable well beyond the nuclear power industry.

As the lower level standards reach into matters of greater detail, it 
becomes necessary to make some of them specifi c to, for example, water 
reactors as distinct from gas-cooled or fast neutron reactors. For this reason, 
and also because the IAEA has no jurisdictional authority over safety regu-
lations within its member states, the international standards stop short of 
stating requirements for safety of any particular technology – these are left 
to national regulatory authorities.

In many past situations, the fi rst power reactor of a given type to be 
installed in a country is purchased from an experienced vendor in a country 
with an established nuclear program. Normally, the purchase and sale 
arrangement includes a specifi cation that the plant must be licensable in 
the country of origin. The purpose of this type of arrangement (sometimes 
called the ‘reference plant’ approach) is to foster the transfer of detailed 
knowledge of the specifi c technology between an established nuclear indus-
try in the vendor country to the responsible organizations in the buyer’s 
country. This sort of arrangement provides an opportunity for the purchas-
ing country to organize a viable regulatory authority, often with the assist-
ance of both the IAEA and the regulatory staff of the vendor country. It 
forms a part of a larger contractual issue, usually called the ‘technology 
transfer agreement’ between the purchaser and the vendor.

10.3.8 Periodic design reviews and operational reviews

Operational reviews by independent staff (for example, WANO reviews) 
are conducted to provide station management with an evaluation con-
ducted by independent and experienced professionals. In addition, both 
national regulatory agencies and the IAEA are available to conduct reviews 
to ensure that correct operating procedures, training, and maintenance 
procedures are being followed.

Over the extended operating life of any given plant, new facts may come 
to light that were unknown at the time of fi rst station operation. When these 
reviews reveal that some new knowledge has come to light that challenges 
the overall safety basis of the plant, it may be necessary to install corrective 
measures or equipment to establish adequate defences.

10.4 Development and application of probabilistic 

safety assessment (PSA)

As already described, in some reactor safety and licensing regimes the 
probabilistic nature of this problem was recognized from the very begin-
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ning. In those jurisdictions the method developed naturally in parallel with 
the deterministic method – there was no need for a separate category. For 
example, the original formulation of the Canadian Siting Guide (Hurst and 
Boyd, 1972) was augmented with a series of so-called ‘safety design guides’ 
(Snell, 2001) that included limited scope probabilistic analysis of each 
safety-related system (shutdown, containment, fuel cooling) to establish a 
proof that each of these systems and their support systems (e.g. instrumen-
tation, power, heat removal) could meet the reliability requirement already 
specifi ed for the particular safety function. In the course of time these PSA 
components were combined into a single plant-wide safety assessment.

The original regulatory system in the US was closely associated with the 
so-called ‘design basis accident’, defi ned as the set of conditions, needs, and 
requirements taken into account in designing a facility or product. In 
nuclear plant design this approach led to simplistic concepts such as 
‘maximum credible accident’, and ‘single failure’. Little consideration was 
given to the many possible sequences of minor events that might combine 
to result in a major consequence – for example, it took many years 
before the importance of small breaks in piping was recognized. This early 
phase of US regulation was superseded by the publication in 1974 of 
WASH-1400, the Reactor Safety Study, known as the Rasmussen report 
(Rasmussen et al., 1975). The older requirements for licensing were retained, 
but much more attention since then has been given to the full scope of 
potential abnormal events. From this time on, a full probabilistic analysis 
became an integral part of reactor licensing applications in the US. The 
associated analytical methods were adopted broadly within the interna-
tional community.

10.4.1 PSA methods, structures, and limitations

The INSAG report Probabilistic Safety Assessment (75-INSAG-6, 1992) 
presents a sound description of the probabilistic method. It is a systematic 
risk-based analytical method that combines fault trees and event sequence 
diagrams of potential success and successive failure pathways, and fi nally a 
consequence analysis of each pathway which, when multiplied by the 
derived frequency of occurrence of the event sequence, delivers an esti-
mated risk (frequency × consequence) contributed by each particular acci-
dent sequence. Two additional reports, INSAG-8 (1995a) and INSAG-9 
(1995b), provide further details and expansion of the concepts important 
to probabilistic analysis. The present INSAG group has now published an 
important extension of this concept as report INSAG-25 (INSAG, 2010).

A PSA analysis may be used to improve a system design by modifi cation 
to improve the success branch of one or more fault trees. For example, if 
the result shows that the reliability of heat rejection to the fi nal heat sink 
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is insuffi cient, added component or system redundancy may be chosen to 
improve the situation. Applied rigorously and comprehensively across the 
whole scope of the power plant, a PSA offers yet another dimension through 
which any given design can be reviewed and tested. This process is a valu-
able addition to the normal methodologies of engineering design review, 
commissioning tests, and operational review. PSA adds knowledge about 
the degree to which the plant is robust against a wide range of component 
and system failures.

10.4.2 Application to operations

The start of plant operations presents management with a new set of chal-
lenges. The operating organization is expected to operate the machine 
safely and productively through a plant lifetime of the order of 50 to 100 
years, in other words, for up to four or fi ve complete generations of operat-
ing staff. They are expected to retain engineering expertise as well as oper-
ating expertise through this whole time period. Fortunately there are tools 
available that greatly simplify this seemingly daunting task.

It is quite easy to determine the precise state of each component and 
system when the plant is new, provided the commissioning methodology 
was suffi cient. In a modern plant the methodologies for handover from 
design, construction, and commissioning to operations includes a complete 
set of detailed documentation, plus a valuable electronic model of the 
whole plant. Such a modern computer-aided drafting and design (CADD) 
model (Didsbury et al., 2000) gives the operating staff a fi nal ‘as built’ 
description of the plant, down to a fi nely detailed description of each 
system, complete with a record of the history and capability of each com-
ponent of that system (Petrunik and Rixin, 2003). For the fi rst time, opera-
tions have at hand a tool for confi guration management that can be used 
productively throughout the life of the plant.

At any given instant during operation it is possible that some components 
and subsystems will become unavailable. Given the complete confi guration 
package from the electronic model it is possible to know precisely which 
components are unavailable. It is even possible to know this in a predictive 
fashion; that is, prior to start of maintenance, the staff can estimate the 
change in future unavailability that will be caused by this maintenance 
operation, and to judge its effect on the risk of continued plant operation 
during a planned maintenance period. Planning of maintenance is greatly 
simplifi ed, and regulatory requirements for either continued operation or 
plant shutdown become clear and unequivocal.

Training offers the second important advantage of the comprehensive 
CADD model during operation. All systems and components can be ‘seen’ 
on the computer screens at any time, so that maintenance training is easier 
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even when some area in which maintenance is required is unavailable 
during at-power operation. Given the long lifetime of the plant, the model 
presents a useful way to pass plant information from generation to genera-
tion. With necessary care and attention given to upkeep of the model, plant 
information becomes effectively eternal. Obviously, updates of this model 
can provide a means to record confi guration changes that may become 
necessary during later plant life, such as those due to new regulatory 
requirements or due to a component manufacturer being replaced by a new 
one, and so on.

10.4.3 Limitations of probabilistic safety analysis

It is a truism that actual plant malfunctions never go ‘by the book’; that is, 
they are always unique and do not conform to the exact sequence defi ned 
in the deterministic or the probabilistic safety analyses. Furthermore, there 
is never full assurance that all possible failure modes and combinations 
have been investigated. The most likely cause of this diversity of cause and 
effect is the known complexity of the plant systems, combined with the 
much larger complexity that arises from innate human diversity at the 
operating staff level. Human behaviour, both as individuals and in groups, 
can exert very large positive as well as negative effects on calculated fre-
quencies and consequences. Put in another way, a highly competent operat-
ing crew can safely operate even a seriously fl awed plant design; at the same 
time an incompetent operating crew is capable of doing great damage to 
even an extremely well-designed plant. Lastly, considering the long time 
span of plant operation (50 to 100 years), all of the important variables can 
range from fully satisfactory at one point in time to unsatisfactory at a later 
time. Human managers are always responsible for sustaining high perfor-
mance (and hence low risk) at all times – and even they are never perfect. 
Hence, there is a basic need for audits by an independent regulatory agency.

10.5 Risk-informed decision-making processes

During the operation of a complex system such as a nuclear power plant, 
it is not unusual to fi nd that one or more components have ceased to 
operate correctly. Given the fact that plant design incorporates extensive 
redundancy due to defence in depth and defence in time design and operat-
ing procedure, as described earlier in this text, there is a reasonable prob-
ability that a single failure still will leave the plant in an operable condition. 
That condition must be fully understood, however, to be certain that con-
tinued operation will remain safe, and will stay within the terms and condi-
tions of the plant’s operating licence. The most important benefi t of this 
process is that it can reduce the uncertainty associated with slightly 
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abnormal plant states. In case of uncertainty, of course, the operator is 
bound to return the plant to a known safe operating state.

10.5.1 Basic principles

The following is taken verbatim from the US Nuclear Regulatory 
Commission White Paper on risk-informed and performance-based regula-
tion (USNRC, 1975):

A ‘risk-informed’ approach to regulatory decision-making represents a phi-
losophy whereby risk insights are considered together with other factors to 
establish requirements that better focus licensee and regulatory attention on 
design and operational issues commensurate with their importance to health 
and safety. A ‘risk-informed’ approach enhances the traditional approach by: 
(a) allowing explicit consideration of a broader set of potential challenges to 
safety, (b) providing a logical means for prioritizing these challenges based on 
risk signifi cance, operating experience, and/or engineering judgment, (c) facili-
tating consideration of a broader set of resources to defend against these 
challenges, (d) explicitly identifying and quantifying sources of uncertainty in 
the analysis, and (e) leading to better decision-making by providing a means 
to test the sensitivity of the results to key assumptions. Where appropriate, a 
risk-informed regulatory approach can also be used to reduce unnecessary 
conservatism in deterministic approaches, or can be used to identify areas with 
insuffi cient conservatism and provide the bases for additional requirements or 
regulatory actions.

Risk-informed decision-making is an on-going activity that continues 
throughout the life of the plant. It is based on the safety assessment of the 
power plant as it exists at a given point in time, including all changes, 
updates, and ageing effects that are important to safety (GSR Part 4, 2009). 
The following is taken verbatim from the GSR document, as a statement 
of the necessary background for risk-based decision making:

The responsibility for carrying out the safety assessment rests with the respon-
sible legal person; that is, the person or organization responsible for the facility 
or activity – generally, the person or organization authorized (licensed or reg-
istered) to operate the facility or to conduct the activity. The operating organi-
zation is responsible for the way in which the safety assessment is carried out 
and for the quality of the results. If the operating organization changes, the 
responsibility for the safety assessment has to be transferred to the new operat-
ing organization. The safety assessment has to be carried out by a team of 
suitably qualifi ed and experienced people who are knowledgeable about all 
aspects of safety assessment and analysis that are applicable to the particular 
facility or activity concerned.

Clearly, the operating organization is expected to establish the infrastruc-
ture for carrying out the safety assessment to the satisfaction of the national 

�� �� �� �� ��



 Nuclear safety in nuclear power programs 319

© Woodhead Publishing Limited, 2012

regulatory agency. In addition, it is essential to fi nd a proper framework for 
carrying out a satisfactory decision-making process to enable risk-informed 
decisions.

10.5.2 Application during plant operation

Support groups in operating organizations have established so-called ‘living 
PSA’ analysis systems with responsibility for daily updating of the plant 
operating and maintenance state, forward planning of scheduled mainte-
nance operations, and contingency planning programs to predict the correct 
course of action for shift management personnel in the event of anticipated 
abnormal operating states. These incremental risk estimates are based on 
the latest updated version of the plant safety assessment.

A good example of this application to power plant operation is the soft-
ware package named EOOS (Equipment Out Of Service), the risk and 
reliability workstation (EOOS Demo 3.5, 2008) produced by the Electric 
Power Research Institute (EPRI). EOOS is independent of other EPRI 
reliability analysis software such as the Cutset and Fault Tree Analysis 
(CAFTA) system (CAFTA, 2009) but uses many of the same conventions.

EOOS uses a safety or risk model of the plant, based on fault tress and minimal 
cutsets, such as those developed in a Probabilistic Risk Assessment (PRA). 
EOOS wraps a user-friendly interface around these reliability analysis tools to 
make them accessible to non-PSA experts.

EOOS communicates in the language of its users – using the familiar termi-
nology of components, trains, systems, tests, and clearances. Using the current 
plant confi guration, EOOS can propagate information through the model and 
quantify risk measures. EOOS translates fault tree results into color-coded 
status panels, timelines, and lists of relevant and risk-signifi cant activities. 
Within seconds, an EOOS user can identify a safety problem, and the specifi c 
work activities that cause it. The EOOS user will then have the information to 
decide whether the problem is signifi cant enough to warrant special contin-
gency actions.

The software offers various benefi ts and values for the user. EOOS can help 
reduce Operation and Maintenance (O&M) costs by: (a) reducing the chance 
of a costly operational mistake. As unplanned events creep into a well-planned 
work schedule, you run the risk of unexpected reductions in plant safety. 
EOOS detects these safety problems that routinely escape the scrutiny of 
safety reviews based on train-level work windows, (b) by reducing the labor 
needed to perform safety reviews. An EOOS model integrates the safety impact 
of all work tasks affecting all risk signifi cant safety functions into concise 
screen presentations and printed reports, (c) by providing credible, risk-based 
insights that minimize unnecessarily conservative requirements. EOOS results 
can become the basis for eliminating requirements that increase outage dura-
tion, without a commensurate safety benefi t.
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10.5.3 Integrated risk-informed decision-making process

The International Nuclear Safety Advisory Group has prepared a draft 
proposal for an integrated process, as described in INSAG-25 (2010). This 
document aims at the most diffi cult of all safety-related actions; that is, the 
decision process surrounding the question of what is a suffi cient level of 
safety. As noted in the INSAG document, the process must be fl exible to 
adapt to the myriad of different situations under which these decisions must 
be made. For example, the decision process to be applied during the stage 
of conceptual design of a plant can be much broader and more thoroughly 
researched than can the process that must be applied when (purely for 
example) a redundant pump fails for some reason during operation and the 
appropriate subsequent action must be decided. The difference lies mainly 
in the time available for decision and action – much shorter in the second 
case.

The general roles of the major stakeholders in the safety management 
system were discussed in Section 10.2.4. Specifi c relationships during plant 
operation are much more complex, but at a higher level always consist 
of an operating organization overseen and audited by experienced and 
independent technical staff on behalf of the licensing authority. Fig. 10.8 
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10.8 An integrated risk-informed decision-making concept.

�� �� �� �� ��



 Nuclear safety in nuclear power programs 321

© Woodhead Publishing Limited, 2012

illustrates a somewhat more detailed map of one possible set of processes 
involved in arriving at a safety-related decision.

To alleviate the enormous expenditure of resources involved in a step-
by-step operation of the process involved in Fig. 10.8, it is usual to develop 
a set of symptom-based operating procedures for use by the individuals and 
groups who actually operate the plant controls. Properly developed and 
tested, these procedures can dramatically shorten the decision and action 
time required. Procedures must be developed through a comprehensive and 
interactive process such as that described in INSAG-25 (2010). They must 
also be periodically updated based on operating experience. The same rule 
must hold for equipment or design modifi cations that may be required 
periodically in a mature operating plant. Finally, if signifi cant changes occur 
in the external environment of the plant (for example, a newly discovered 
threat) then a review may result in changes to operating procedures or 
equipment in order to deal with the new situation.

10.6 Impact of past accidents on future 

safety improvement

This section could be titled ‘learning from experience’. This issue is some-
what broader, however, as necessitated by a complex system such as nuclear 
energy. This issue becomes extremely important to support the justifi cation 
of a new nuclear program, because the experience must be gained rapidly, 
essentially without the benefi t of prior operating experience by the operat-
ing company. It has been found very useful to study abnormal events that 
have occurred in nuclear power plants in the past. By this means the newly 
initiated operating staff get a clear picture of how mistakes have been made, 
how consequences of those mistakes have been dealt with, and how future 
operation can benefi t from the lessons learned (Duffey and Saull, 2003, 
2008). Further, it has been found that the causes, patterns and frequencies 
of failure are very similar across a wide range of human endeavour. 
The nuclear energy enterprise stands out (Weick and Sutcliffe, 2007) as a 
high-performance industry in terms of its low risk of high-consequence 
accidents.

10.6.1 Exchange of operating experience

National and international organizations have been established to assist 
with new program startup. Most work of the Division of Reactor Engineering 
at the IAEA is dedicated to education and communication between 
the power programs of member states. In addition, the World Nuclear 
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Association comprises mainly companies. Current members are responsible 
for virtually all of world uranium conversion and enrichment production 
and some 85% of world nuclear generation. Further, the World Association 
of Nuclear Operators (WANO) has the mission to ‘Maximize the safety 
and reliability of nuclear power plants worldwide by working together to 
assess, benchmark, and improve performance through mutual support, 
exchange of information, and emulation of best practices.’ The WANO 
organization grew out of the US-based Institute for Nuclear Power 
Operations (INPO) that was established shortly after the Three Mile Island 
accident in 1979.

In addition to these broad-based organizations, a number of plant-specifi c 
owners’ groups operate around the world. As an example, the CANDU 
owners group (COG) is a ‘not-for-profi t organization dedicated to provid-
ing programs for cooperation, mutual assistance and exchange of informa-
tion for the successful support, development, operation, maintenance and 
economics of CANDU technology.’ All operators of CANDU plants world-
wide are members of COG. Together, these organizations provide major 
support for any new member, ranging from general education on aspects 
of this technology, through specifi c training for operating staff, posting of 
individuals to operating nuclear units, and cooperative R&D to maintain 
and improve operating stations. The overall effect is to reduce the operating 
cost of each plant. Essentially all vendors of nuclear stations have estab-
lished similar organizations in order to assist operational organizations to 
maintain modern understanding of their facilities.

10.6.2 Learning from accidents

This aspect of learning is not very different from the exchange of informa-
tion on normal operation as discussed in the previous section. Normal 
operation also includes a host of small equipment malfunctions and human 
errors – all of which are examined to fi nd out if they might be precursors 
of larger malfunctions that could occur in the future.

We must carefully defi ne the usage of the word ‘accident’ in this context, 
beyond the conventional usage. We are dealing here with a complex tech-
nology for which all contingencies are presumed to be subject to careful 
engineering analysis and design. It is reasonable, therefore, to take the posi-
tion that all unfortunate consequences arise from human error at some 
stage of the process. This classifi cation is somewhat at odds with usual prac-
tice; however, taking the example of an equipment failure, one can quickly 
identify different causes – design error, manufacturing error, installation 
error, and maintenance error. All of these failures are caused by human 
failure. Even so-called natural events are expected to be protected against 
by design (through either prevention or mitigation).
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An example

Given the fact that accidents are, at the very least, caused mostly by human 
error, it is very useful (Duffey and Saull, 2008) to look at serious accidents 
that occur in other industries and human activities in general. The reason 
for this is to ‘normalize’ the accident rate in nuclear plants to the usual 
patterns of human existence. Indeed, Reason (1990) points out that ‘active’ 
human errors are very rare in the world nuclear industry when compared 
with the frequency of correct action.

Table 10.1 outlines a ‘typical’ accident sequence. (Note that the specifi c 
technology is of secondary importance in this type of analysis.) In this case 
a sudden tire failure led to failure of one engine during takeoff. The pilot 
was 1.5 seconds late in applying the takeoff abort procedure, and so the 
immediate cause of the accident was said to be pilot error. During subse-
quent review and analysis it was found that a number of other factors actu-
ally had a powerful negative effect on the accident – most especially the 
continued use of tires that were already beyond their service life. In the 
end, it became apparent that airline management was strongly implicated 
through unsafe practices.

Another example

The Challenger space orbiter failure in 1997 and the Columbia failure in 
2003 each displayed several contributing elements, but the root cause in 
both cases was human error. Risks were taken without full understanding 
of the probabilities and without proper balance in senior management deci-
sion making – as judged post facto. It is interesting that in none of these 
cases was the future risk of the event recognized before the fact, even 

Table 10.1 A typical accident – Toronto Airport

DC 9 initiated a takeoff run Everything appeared normal up to 
speed V1

Sudden loss of power from one 
engine

After V1, aircraft cannot be stopped 
safely – takeoff is mandatory

Pilot hesitates for 1½ seconds before 
applying ‘abort’ procedure

Abort procedure: full reverse engine 
thrust and brakes, warn passengers 
to brace

Pilot steers to left to avoid runway 
light standards

He knows the aircraft will overshoot 
the runway

Aircraft coasts off apron and glides 
into a ravine

The aircraft was below stall speed 
when it entered the ravine

Fuselage breaks in half, killing two 
passengers

All other passengers and crew 
escaped
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though more junior staff gave clear warnings in all three cases. (The same 
pattern existed before the recent oil drilling disaster in the Gulf of Mexico.)

A general principle

Risk experts (Mullane, 2006) have identifi ed a pattern of human response 
that helps to explain many similar accident events; it is called the ‘normal-
ization of deviation’. Looking back at the Toronto Airport case, suppose 
that the practice of using older tires beyond their service life had succeeded 
in the past. Since the apparent result showed better airline economics, the 
practice would be encouraging to management; it would become the normal 
practice. Certainly, this pattern emerged in the case of the Challenger 
booster rockets. Previous launches had succeeded even though the O-ring 
seals had leaked – the practice of launching with off-normal seals had 
become normal. The same behaviour pattern existed in the case of the 
Columbia external fuel tank insulation failure. Insulation had fallen off 
the tank during launch several times and had sometimes hit the orbiter, but 
the mission still succeeded. Observing insulation loss during launch had 
become normal. It will not be surprising if this same pattern emerges from 
the Deepwater Horizon investigation when that is completed. There are 
many other earlier examples that could be cited.

10.6.3 Institutional failure

David Mosey (Mosey, 2006) has examined several cases from the short 
history of nuclear energy. In the second edition this author cites four inter-
related types of management error under four general headings:

1. Misperception of hazard. Lack of accurate and consistent understanding 
of the specifi c demands/vulnerabilities of the technology.

2. Dominating production imperative. Production considerations override 
safety. Safety is under-resourced.

 3. Unassigned/undefi ned safety responsibility/authority. Failure to assign, 
defi ne or assume safety responsibility and/or authority completely or 
clearly.

 4. Failure to recognize, acknowledge or respond effectively to an unsatis-
factory or deteriorating safety situation. ‘Denial’ or ‘unawareness’, or 
the failure to learn from experience, is included here.

Error number 4 includes, of course, the category of ‘normalization of devia-
tion’ discussed earlier.

David Mosey clearly illustrates the importance of safety culture to the 
successful long-term operation of complex technologies. Quite obviously, 
senior management has a powerful infl uence on the performance of the 
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whole organization within their authority. Less obvious, and often a 
neglected factor, is the infl uence that should be exerted ‘from the bottom 
up’. To say this in another way, the knowledge fl ow from junior to senior 
ranks must be fostered and encouraged. Senior management must be 
knowledgeable of the details of the organization they manage. This require-
ment is opposite to the older notion, promulgated by some business schools, 
that the quality of a manager could be considered independent of the spe-
cifi c activities of the managed organization.

10.7 Evolution of major safety performance indices

Over the past half-century there have been important developments in the 
measurement of safety of complex technologies, notably aircraft and nuclear 
safety (Duffey and Saull, 2003; Reason, 1990; Weick and Sutcliffe, 2007). 
Safety (or its logical inverse, risk) is diffi cult to measure when it is good; 
that is, when nothing happens by which to measure the frequency of abnor-
mal occurrences. Under these conditions it is natural for humans to con-
clude that the risk is very low or zero. The second level worthy of 
consideration is the frequency of ‘close calls’, or situations that could have 
resulted in negative consequences had some fortuitous occurrence not 
intervened. A ‘close call’ is a clear indication of loss of defence in depth, 
within the safety regime applied to nuclear plant operation. A third level 
of defence is available through examination of the availability of ‘poised’ 
or operation-ready safety systems designed to mitigate the consequences 
of abnormal events. All of these performance indices rely on administrative 
attention and action by management and by independent safety auditors 
assigned to ensure that safety-signifi cant events are actually observed and 
recorded.

10.7.1 Normal operation

The fi rst level of safety is always to be found in the education and training 
of all those involved in the nuclear energy enterprise, from designers to 
senior management and fi nally to junior operating staff. The concept of 
safety culture (INSAG-4, 1991) is carefully fostered in the industry, to build 
and sustain the habits of management and job execution that are known to 
support safe operation of the system.

Codes of good practice

Programs administered by owners’ groups and national/international orga-
nizations such as INPO and WANO are very active in developing codes of 
good practice for promulgation across the world. These codes represent the 
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best judgment of true experts in the fi eld of nuclear plant operation. These 
are made available to all members of these organizations; they offer sound 
support to any newly founded operating organization.

Regulatory staff posting to operating stations

It has been found strongly benefi cial to plant operational safety to assign a 
small staff of regulatory personnel to each operating station. This practice 
keeps the regulatory agency abreast of the latest technical and managerial 
information, and provides plant operations staff with immediate feedback 
of the opinion of the regulator to any continuing or novel situation at the 
plant. This fi eld staff is, of course, supported by the central technical groups, 
usually posted to the headquarters of the regulatory agency.

Periodic testing of safety-related systems

All components and systems that are important to safety are tested at 
regular intervals, with the time between tests depending on the specifi c 
characteristics of the component. (In practice, essentially all plant systems 
are important to safety to some degree.) These data are added to the exist-
ing probabilistic safety assessment model to keep it up to date and to 
provide a current estimate of the component, subsystem, and overall plant 
systems reliability to respond to operational and safety demands. In a very 
real sense, the testing and maintenance activities help to keep the whole 
plant in ‘good as new’ condition over its whole operating life.

Special safety systems availability

In the older Canadian licensing tradition, three special safety functions 
were designated – shut down, close the containment boundary, and cool the 
fuel. (These functions are universally recognized in international docu-
ments and practice.) The unavailability of each system was required to be 
less than 10−3 per demand. Recognizing the primary importance of reactor 
shutdown after some abnormal occurrence, two independent shutdown 
systems were required after the fi rst commercial 43-unit plant was installed 
at Pickering. Regular testing of each of the special safety systems was 
required during plant operation; test results were reported to the regulatory 
agency in order to ensure that each unavailability requirement was being 
met. (In practice they were not always met; subsequent effort then imme-
diately became an action item on the part of the operating organization.)

Safety support systems

Obviously, special safety systems may require support services such as 
status monitoring, control signals, power supplies, water supplies, pump and 
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valve operating power so that they can carry out their designated function. 
This is especially true of post-accident fuel and containment cooling that 
may be required to operate for months in some accident situations. Regular 
reporting of operational testing and maintenance to the regulatory author-
ity is an integral part of the test program – essential for the staff to carry 
out their central auditing function.

10.7.2 Abnormal operating events

So-called signifi cant event reports are fi led for each off-normal situation 
encountered during operation. These reports are fi led in two different 
forms; the fi rst identifi es all staff involved in the event and their role in 
either initiating or mitigating the abnormality being reported. This report 
is used only by plant management for performance reporting and, if neces-
sary, for retraining or discipline of individual staff members. The second 
form of a signifi cant event report is distributed to regulatory staff, other 
operating plants, and design groups to serve as a detailed record of abnor-
mal events that may provide lessons for improvement of future operating 
procedures. Abnormal event reports are distributed widely in order to 
maximize the benefi ts of the specifi c learning experience as well as contrib-
uting to nuclear station operating experience in general. These events are 
analyzed by operations support groups around the world, and appropriate 
actions are taken. A condensed version of the events deemed to be most 
important to the broader community is forwarded to the IAEA incident 
reporting system (INIS) as well as to other international organizations.

Generic action items

This important classifi cation of signifi cant events is meant to serve as infor-
mation (usually regulatory issues) on which action must be taken, either 
design, analysis, and/or research and development – to resolve outstanding 
newly identifi ed issues that arise in operation. These issues are resolved, 
normally, through collaborative work between members of the plant owners 
groups. They are reviewed, analyzed, and eventually disposed by the national 
regulatory staff.

10.8 Sources of further information and advice

In order to establish a new nuclear energy program, a country must, of 
course, fi rst establish a sound knowledge base so that decisions about the 
direction to be taken are sound and in the interest of the nation concerned. 
Even with all possible goodwill on the part of outside organizations, they 
are very unlikely to fully understand the goals of any nation as well as do 
its native inhabitants. Fortunately, the number of channels of communica-
tion is vast, and opportunities for education of staff are excellent.
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10.8.1 Open literature

The world inventory of available published literature already contains 
much of the history and technology of the nuclear energy enterprise over 
the past 60 years. Many conference proceedings, reports and textbooks are 
freely available in libraries, a few of which are listed here. Naturally, some 
information is restricted for reasons of commercial interest.

10.8.2 Owners’ groups

Owners’ groups mentioned in Section 10.6.1 are sharply focused on sustain-
ing good performance of their own power plants. These groups encourage 
joint R&D and education of operating staff. For example, the CANDU 
group website can be found at COG (2010). Generally, this site offers infor-
mation to the owners of CANDU power plants; other examples are 
AREVA-NP (2010), General Electric (2010), and the Westinghouse Owners’ 
Group (WOG; unfortunately, no reference available). One general charac-
teristic of these groups is that they maintain all or some of their information 
confi dential to group members. This is understandable due to the large 
commercial interests involved.

10.8.3 Institute for Nuclear Power Operations (INPO) 
and international organizations

The INPO organization was formed in 1979 in the wake of the Three Mile 
Island nuclear plant accident. A number of US industry leaders recognized 
that the industry must do a better job of policing itself to ensure that an 
event of this magnitude should never happen again. INPO was formed to 
establish standards of excellence against which the plants are measured. An 
inspection of each member plant is typically performed every 18–24 months. 
The Institute’s programs include:

• SEE-IN (an information sharing network)
• EPIX (an equipment failure database)
• National Academy for Nuclear Training
• Events analysis
• Human performance
• Accreditation
• Evaluations.

Information regarding INPO as well as the Nuclear Energy Institute, the 
International Atomic Energy Agency, and the World Association of Nuclear 
Operators can be found at WANO (2010).
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10.8.4 World Nuclear Association (WNA)

The World Nuclear Association (WNA, 2010) is the international organiza-
tion that promotes nuclear energy and supports the many companies that 
comprise the global nuclear industry.

WNA arose on the foundations of the Uranium Institute (UI) established 
in London in 1975 as a forum on the market for nuclear fuel. In 2001, 
spurred by the expanding prospects for nuclear power, the UI changed its 
name and mandated itself to build a wider membership and a greater diver-
sity of activities. The goal was to develop a truly global organization geared 
to perform a full range of international roles to support the nuclear industry 
in fulfi lling its enormous growth potential in the twenty-fi rst century.

Since WNA’s creation in 2001, the effort to build and diversify has born 
fruit. WNA membership has expanded three-fold to encompass (1) virtually 
all world uranium mining, conversion, enrichment and fuel fabrication; (2) 
all reactor vendors; (3) major nuclear engineering, construction, and waste 
management companies; and (4) nearly 90% of world nuclear generation. 
Other WNA members provide international services in nuclear transport, 
law, insurance, brokerage, industry analysis and fi nance. WNA will remain 
a work in progress. Its rapid growth refl ects recognized value and represents 
major advance in building toward universal industry membership. Today 
WNA serves its membership, and the world nuclear industry as a whole, 
through actions to:

• Provide a global forum for sharing knowledge and insight on evolving 
industry developments

• Strengthen industry operational capabilities by advancing best-practice 
internationally

• Speak authoritatively for the nuclear industry in key international 
forums

• Improve the international policy and public environment in which the 
industry operates.

10.9 References

AREVA-NP (2010), PWR Owners’ Group website, available from http://www.
us.areva-np.com/enewsletters/TheSource/The.Source_Vol.IV_no.04.html 
(accessed 22 June 2010)

CAFTA (2009), CAFTA, FRANX, EOOS description and contact information at 
http://teams.epri.com/RR/Art/_w/CAFTA_FTREX_card_2009_FINAL_Page_2_
jpg.jpg

CNSC (2000), Laws and Regulations, available from http://www.cnsc-ccsn.gc.ca/eng/
lawsregs/ (accessed 22 June 2010)

COG (2010), CANDU Owners’ Group website, available from http://www.candu.
org/, Toronto, CANDU Owners Group Inc. (accessed 22 June 2010)

�� �� �� �� ��



330 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

Didsbury R, Shalaby BA, and Torgerson DF (2000), The Application of an Integrated 
Approach to Design, Procurement, and Construction in Reducing Overall Nuclear 
Power Plant Costs, Sheridan Park, Mississauga, Ontario, AECL

Duffey RB and Saull JW (2003), Know the Risk: Learning from Errors and Accidents: 
Safety and Risk in Today’s Technology, Boston, MA, Butterworth-Heinemann

Duffey RB and Saull JW (2008), Managing Risk, The Human Element, Chichester, 
UK, John Wiley & Sons

EOOS Demo 3.5 (2008), EOOS, Software Manual, EPRI, Palo Alto, CA
Farmer FR (1967), Siting Criteria – A New Approach, Paper No. SM-89/34, IAEA 

Conference on Containment and Siting, Vienna, IAEA
General Electric (2010), BWR Owners’ Group website, available from http://www.

gepower.com/prod_serv/products/nuclear/en/bwr_owners_group/index.htm 
(accessed 22 June 2010)

GSR Part 4 (2009), Safety Assessment for Facilities and Activities: General Safety 
Requirements, STI/PUB/1375, Vienna, IAEA

Hurst DG and Boyd FC (1972), http/canteach.candu.org/library/20051707.pdf – 
powered by Google Docs.webarchive

IAEA (2006), Fundamental Safety Principles, Safety Fundamentals No. SF-1, Vienna, 
IAEA

INSAG (1988), Basic Safety Principles for Nuclear Power Plants, 75-INSAG-3, 
Vienna, IAEA

INSAG (1991), Safety Culture, 75-INSAG-4, Vienna, IAEA
INSAG (1992), Probabilistic Safety Assessment, 75-INSAG-6, Vienna, IAEA
INSAG (1995a), A Common Basis for Judging the Safety of Nuclear Power Plants 

Built to Earlier Standards, INSAG-8, Vienna, IAEA
INSAG (1995b), Potential Exposure in Nuclear Safety, INSAG-9, Vienna, IAEA
INSAG (1996), Defence in Depth in Nuclear Safety, INSAG-10, Vienna, IAEA
INSAG (1999a), Basic Safety Principles for Nuclear Power Plants, 75-INSAG-3, Rev. 

1, INSAG-12, p. 15, Vienna, IAEA
INSAG (1999b), Management of Operational Safety in Nuclear Power Plants, 

INSAG-13, Vienna, IAEA
INSAG (2002), Key Practical Issues in Strengthening Safety Culture, INSAG-15, 

Vienna, IAEA
INSAG (2003), Maintaining the Design Integrity of Nuclear Installations Throughout 

Their Design Life, INSAG-19, Vienna, IAEA
INSAG (2006), Stakeholder Involvement in Nuclear Issues, INSAG-20, Vienna, 

IAEA
INSAG (2010), A Framework for Integrated Risk-Informed Decision Making 

Process, INSAG-25, Vienna, IAEA
Meneley DA (1999), Risk Analysis Methods, available from University of Ontario 

Institute of Technology, Course ENGR 4660U, Oshawa, Ontario
Mosey D (2006), Reactor Accidents, Institutional Failure in the Nuclear Industry, 

second edition, Sidcup, UK, Nuclear Engineering International
Mullane M (2006), Riding Rockets: The Outrageous Tales of a Space Shuttle Astronaut, 

New York, Scribner
Murley TE, Rosztoczy ZR, and McPherson GD (1991), The evolution of the struc-

ture and application of US NRC regulations and standards, Nuclear Engineering 
and Design, Volume 127, Issue 2, 219–224

�� �� �� �� ��



 Nuclear safety in nuclear power programs 331

© Woodhead Publishing Limited, 2012

NS-R-1 (2000 and 13 associated guides), Safety of Nuclear Power Plants: Design: 
Safety Requirements, STI/PUB/1099, Vienna, IAEA

NS-R-4 (2005 and 6 associated guides), Safety of Research Reactors: Safety 
Requirements, STI/PUB/1220, Vienna, IAEA

Petrunik KJ and Rixin K (2003), CANDU Project Construction Experiences and 
Lessons Learned to Reduce Capital Cost and Schedule Based on Qinshan CANDU 
Project in China, available from http://canteach.candu.org/library/20031701.pdf 
(Accessed 22 June 2010)

Rasmussen N et al. (1975), The Reactor Safety Study, Washington DC, USNRC
Reason J (1990), Human Error, Cambridge, Cambridge University Press
Snell VG (2001), CANDU Safety #22 – Regulatory Requirements for Design, avail-

able from http://canteach.candu.org/library/19990123.pdf (accessed 22 June 2010)
USNRC (1975), Executive summary: main report (PWR and BWR), Reactor Safety 

Study: An assessment of accident risks in US commercial nuclear power plants, 
Rockville, MD, USNRC

USNRC (1991), Requirements for monitoring the effectiveness of maintenance at 
nuclear power plants, 10 CFR 50.65, Washington, DC, USNRC

USNRC (2010), General design criteria for nuclear power plants, Appendix A to 10 
CFR Part 50, Washington, DC, USNRC

WANO (2010), World Association of Nuclear Operators website, available from 
http://www.nucleartourist.com/basics/inpo.htm (accessed 22 June 2010)

Weick KE and Sutcliffe KM (2007), Managing the Unexpected: Resilient Performance 
in an Age of Uncertainty, Second Edition, San Francisco, Wiley

WNA (2010), World Nuclear Association website, available from http://www.world-
nuclear.org/ (accessed 22 June 2010)

�� �� �� �� ��



332

© Woodhead Publishing Limited, 2012

11
Radiation protection in nuclear 

power programmes

A. J. GONZÁLEZ, Autoridad Regulatoria Nuclear de 
Argentina (Argentine Nuclear Regulatory Authority), Argentina

Abstract: The international radiation protection system for nuclear 
power plants (NPPs) is described. It includes the estimates of the United 
Nations Scientifi c Committee on the Effects of Atomic Radiation, the 
recommendations from the International Commission on Radiological 
Protection, and the safety standards established by the International 
Atomic Energy Agency. The aim is to summarize the sytem’s 
fundamental principles. Their application to potential exposures (and 
therefore to nuclear safety) is portrayed including a compliance criterion 
for prospective probabilistic safety assessments. Practical considerations 
on occupational and public protection are discussed, including a 
description of the latest assessments of the radiological consequences of 
the Chernobyl accident.

Key words: radiation safety, radiation protection, nuclear safety, safety 
assessment, nuclear regulation.

11.1 Introduction

Ionizing radiation (named, in short, radiation) is perceived to be the nemesis 
of nuclear energy. This is unsurprising: radiation exposure is detrimental to 
human health and omnipresent in activities and installations of the nuclear 
fuel cycle, including regulated nuclear power plants (hereinafter termed 
NPPs) for electricity production. These installations routinely discharge 
into the atmosphere and watercourses, gases, aerosols and liquids contain-
ing small amounts of radioactive substances, which may cause radiation 
exposure to members of the public; their operators are occupationally 
exposed to radiation delivered by ubiquitous radioactive materials in work-
places. NPP safety assessments demonstrate that the likelihood of a cata-
strophic accident is exceedingly small; however, should a nuclear accident 
occur its consequences can be severe: emergency workers may be exposed 
to high radiation levels and large amounts of radioactive materials can be 
uncontrollably released into the environment, contaminating vast territo-
ries and exposing large populations. NPPs also generate large amounts 
of radioactive waste that have to be transported over public places and 
which are viewed as a radiation exposure legacy for our descendants. 
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Decommissioning activities, necessary for the termination of nuclear opera-
tions, may leave radioactive residues that will likely remain in the habitat. 
Ultimately, concerns have been growing on the security of the radioactive 
materials in the nuclear fuel cycle since their malevolent use might cause 
serious radiological harm.

Predictably, the protection against radiation exposure, namely radiation 
protection (sometimes termed radiological protection), has become a sine-
qua-non condition for the justifi cation of nuclear power.

The protection against radiation exposure has been fully internatio-
nalized and the current radiation protection rests on four international 
foundations:

 1. The estimates of radiation levels and effects are assessed by the United 
Nations Scientifi c Committee on the Effects of Atomic Radiation 
(UNSCEAR). UNSCEAR is an intergovernmental scientifi c body 
founded in 1955 and since reporting radiation levels and effects to the 
United Nations General Assembly (UNGA) (UNSCEAR, 1958, 1962, 
1964, 1966, 1969, 1972, 1977, 1982, 1986, 1988, 1993, 1994, 1996, 2000, 
2001, 2009, 2011).

 2. A radiation protection paradigm is recommended by the International 
Commission on Radiological Protection (ICRP). ICRP is a scientifi c 
non-governmental independent charity, i.e., a non-profi t-making orga-
nization, providing advice on radiation protection (ICRP, 1951, 1955, 
1957, 1959, 1964, 1966, 1977, 1978, 1985a, 1985b, 1991, 2007a). It was 
established in 1928 by the International Congress of Radiology, with the 
name of the International X-Ray and Radium Protection Committee 
(IXRPC) (IXRPC, 1928, 1934), following a decision by the Second 
International Congress of Radiology, and in 1950 it was restructured and 
renamed as now.

 3. International standards on radiation safety are established under the 
aegis of the International Atomic Energy Agency (IAEA) (IAEA, 1960, 
1962, 1967, 1976, 1982, 1996a, 2011), lately in co-sponsorship with other 
relevant intergovernmental organizations within the United Nations 
(UN) system, therefore becoming the de facto international radiation 
protection authority. Since its creation in 1957, the IAEA has been 
responsible for safety-related functions that are precisely described in 
its Statute, namely (1) establishing standards of safety for the protection 
of health against the detrimental effects attributable to radiation expo-
sure; and (2) providing for the application of those standards at the 
request of any State.

 4. Global provisions for the implementation of radiation safety standards, 
through mechanisms put in place by national agencies and by the IAEA 
and other international organizations.

�� �� �� �� ��



334 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

On the basis described heretofore, this chapter will explore the interna-
tional approach for radiation protection at nuclear activities in general and 
the nuclear fuel cycle and its NPPs in particular. Its aim is to provide guid-
ance on the fundamental principles on which appropriate radiation protec-
tion can be based rather than a regulatory text. International radiation 
protection trends and achievements have been reviewed at the recent 
12th Congress of the International Radiation Protection Association 
(IRPA): Strengthening Radiation Protection Worldwide: Highlights, Global 
Perspective and Future Trends (IAEA, 2010; González, 2009a).

The chapter will not review a number of issues closely related to radiation 
protection and NPPs, inter alia the following:

• The radiological security of radiation sources at NPPs and of the NPP 
itself, a subject for which there are detailed recommendations from 
ICRP (ICRP, 2005a) and which has been amply reviewed by the IAEA 
(IAEA, 1999b, 2000a, 2001, 2003a, 2006c) and by the author (González, 
1999a, 1999b, 2001b, 2003a, 2006)

• The radiation protection aspects of waste and spent fuel management, 
an issue that is discussed separately in Chapter 14, for which there are 
several recommendations from ICRP (ICRP, 1985b, 1997a, 1998) and 
which has been thoroughly discussed globally, mainly at the IAEA 
(IAEA, 2003d; González, 2000, 2003c), and is regulated by an interna-
tional convention (IAEA, 1997)

• The radiation safety of the transport of nuclear and other radioactive 
materials associated with nuclear fuel cycle operations, an activity that 
is heavily regulated globally by standards (IAEA, 2008b, 2009) consti-
tuting a real international regime (González, 2004a) and for which there 
is a global consensus (IAEA, 2004a)

• The radiation legacy from the termination of NPP operation and the 
consequent decommissioning, and also from accidents, a subject to be 
discussed in Chapter 24, which has been the subject of intense IAEA 
activity (IAEA, 2003c, 2007) and ICRP recommendations (ICRP, 2009a) 
but which still lacks an international regime (González, 2003d)

• Last but not least, the radiological consequences of NPP accidents 
(except the Chernobyl accident, which will be briefl y covered hereinaf-
ter), and the protection of people in emergencies, a subject covered by 
ICRP (ICRP, 2009b), as well as emergency planning and preparedness, 
a subject that will be treated in Chapter 12.

11.2 Radiation doses

11.2.1 Quantities and units

A unique characteristic of radiation protection is the full international 
harmonization of the relevant quantities and units. This has been achieved 
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under the infl uence of the International Commission of Radiation 
Measurements and Units (ICRU), a sister organization to ICRP (ICRU, 
1938, 1954, 1962), and is unique vis-à-vis other pollutants.

NPPs are characterized by the presence of radioactive substances, the 
amount of which is described by the quantity termed activity and measured 
in the unit termed becquerel – although, in the past, the unit curie was and 
still is widely used. One becquerel represents an extremely small activity; 
for instance, one becquerel is the activity of potassium (which is a long-
lived, naturally radioactive element) contained in less than one-tenth of one 
banana! (Conversely, 1 curie represents a signifi cant activity as it equates 
to 37 thousand million becquerels.) Although varying among plants, NPPs 
currently discharge into the environment an average activity of around a 
hundred million million becquerels (or terabecquerels, TBq) per kilowatt 
year of electrical energy produced, mainly of short-lived radioactive noble 
gases.

NPP materials with activity emit radiation that may expose both workers 
and members of the public and may be delivered from outside the person’s 
body (external exposure) or by radioactive substances arising from those 
materials that may be incorporated into the body via inhalation or inges-
tion, or through open wounds or the skin (internal exposure). The potential 
health consequences on people caused by their exposure depend on the 
amount of radiation received, and also on the types of radiation involved 
and the organs exposed.

The amount of radiation is measured in terms of the quantity termed the 
radiation dose, and that received by human tissues is termed the absorbed 
dose and is assessed in units called grays (in the past, the unit rad was used) 
or in its sub-multiple, the milligray. One milligray is approximately the 
lowest annual dose absorbed by a human being due to exposure to natural 
background radiation.

Different types of radiation have different effectiveness to induce damage 
and, therefore, the absorbed dose has to be weighted by radiation weighting 
factors, wr, to take into account the effectiveness of various radiation types. 
The resulting weighted quantity is termed the equivalent dose.

Table 11.1 (ICRP, 2007a) presents the currently recommended radiation 
weighting factors, wR, which gives a general idea of the radio-effi ciency of 
the various radiation types. It is noted that the main radiation types in NPP 
exposures, which are γ rays, i.e. photons, and β particles, i.e., electrons, have 
a weighting factor equal to 1. The weighting factor for neutrons can be high 
depending on their energy, but exposure to neutrons is important for some 
NPP equipment but normally not for people.

Similarly, different organs and tissues have different sensitivity to radia-
tion exposure, and therefore the equivalent dose has to be weighted by 
tissue weighting factors, wT, to take into account the various sensitivities 
to radiation of various organs and tissues. The quantity resulting from 
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Table 11.1 Recommended radiation weighting factors for calculating equivalent 
dose

Radiation type Radiation weighting factor, wR

Photons 1
Electronsa and muons 1
Protons and charged pions 2
Alpha particles, fi ssion fragments, heavy ions 20
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weighting the equivalent dose is termed the effective dose. Table 11.2 (ICRP, 
2007a) presents the currently recommended tissue weighting factors, wT, 
which gives a general idea of the radio-sensitivity of the various tissues.

Both equivalent dose and effective dose are measured in a unit termed 
the sievert (in the past, the unit rem was used) and in its sub-multiple the 
millisievert, which is equal to a thousandth of a sievert and to 100 thou-
sandths of 1 rem, or 100 millirem. For all practical purposes, in most expo-
sure situations at NPPs, one millisieviert of effective dose is quasi-equivalent 
to one milligray of absorbed dose.

The equivalent dose, which is used to express tissue and organ doses, and 
the effective dose, which is used for assessing the whole body implications, 
can only be formally used for normal radiation protection purposes, i.e. for 
situations causing relatively low doses, and cannot be properly used to 
express high doses that may be incurred for instance in an accident; in these 

Table 11.2 Recommended tissue weighting factors for calculating effective 
dose

Tissue wT ∑w T

Bone-marrow (red), colon, lung, stomach, breast, 
remainder tissuesa

0.12 0.72

Gonads 0.08 0.08
Bladder, esophagus, liver, thyroid 0.04 0.16
Bone surface, brain, salivary glands, skin 0.01 0.04

Total 1.00

a Remainder tissues: adrenals, extrathoracic (ET) region, gall bladder, heart, 
kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate ( ), small 
intestine, spleen, thymus, uterus/cervix ( ).
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cases the absorbed dose in gray or milligray should be used. Radiation 
protection standards usually contain universally agreed nominal coeffi -
cients or factors for converting activity and particle fl uence into absorbed 
dose and also equivalent dose and effective dose.

Figure 11.1 (adapted from ICRP, 2007a) illustrates the interrelation 
among the radiation protection quantities, including the nominal conver-
sion factors.

The radiation protection quantities are not directly measurable. 
Instruments for assessing doses in people or in the ambient environment 
are usually calibrated against physical operational quantities rigorously 
defi ned by ICRU and incorporated in international standards. These are the 
personal dose equivalent and the ambient dose equivalent. They are also 
expressed in sieverts and, numerically, they approximately correspond to 
the radiation protection quantities. The operational quantities are formally 
used at NPPs for verifi cation of compliance with standards.

For reasons of simplifi cation, this chapter will use the term dose to mean 
generally and indistinctly any dose quantity and will express this quantity 
mainly in the unit millisievert (mSv).

11.2.2 Levels

Exposure of the public

Public exposure to radiation arises not only from NPPs, but from natural 
background radiation and artifi cial sources such as medical diagnostic and 
therapeutic procedures, nuclear weapons testing, and many occupations 
that enhance exposure to artifi cial or natural radiation. All these sources 

Absorbed 
dose
(Gy)

Equivalent 
dose (organ)

(Sv)

Effective
dose
(Sv)

Fluence

Conversion
factor

(Sv Bq–1)

Conversion
factor

(Sv cm2)

(cm–2)

Activity
(Bq) Radiation

weighting
factor

wR

Tissue
weighting

factor
wT

11.1 Interrelation among the radiation protection quantities.
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deliver doses to members of the public, which are routinely estimated by 
UNSCEAR.

For as long as they have been on the planet, humans have been exposed 
to radiation from natural sources, and such exposure has been continually 
modifi ed by human activities. The main natural sources of exposure are 
cosmic radiation and natural radionuclides found in the soil and in rocks. 
Cosmic radiation is signifi cantly higher at the cruising altitudes of jet air-
craft than on the Earth’s surface. External exposure rates due to natural 
radionuclides vary considerably from place to place, and can range up to 
100 times the average. An important radionuclide is radon, a gas that is 
formed during the decay of natural uranium in the soil and that seeps into 
homes. Exposures due to inhalation of radon by people living and working 
indoors vary dramatically depending on the local geology, building con-
struction and household lifestyles; this mode of exposure accounts for about 
half of the average human exposure to natural sources. It is now recognized 
that a very large number of workers are exposed to natural sources in their 
working places.

Concerns on nuclear test explosions in the atmosphere were the original 
reason for the UNSCEAR conception. They had been conducted at a 
number of sites, mostly in the northern hemisphere (the most active testing 
being in the periods 1952–1958 and 1961–1962), and the radioactive fallout 
from those tests represents a source of continuing exposure even today, 
albeit at very low levels. The most dominant peaceful exposure is medical 
exposure. Irrespective of the level of health care in a country, the medical 
uses of radiation continue to increase as techniques develop and become 
more widely disseminated; about 3.6 billion radiological examinations are 
conducted worldwide every year. (In countries with high levels of health 
care, exposure from medical uses is on average now equal to about 80% of 
that from natural sources.)

By contrast, radiation doses due to the generation of electrical energy by 
NPPs are extremely small in spite of the fact that this type of generation 
has grown steadily since 1956. Moreover, the doses due to the production 
of energy in the nuclear reactor are in turn a small part of the doses due to 
the nuclear fuel cycle, which includes the mining and milling of uranium 
ore, fuel fabrication, storage or reprocessing of irradiated fuel, and storage 
and disposal of radioactive wastes. The doses to which the public are exposed 
vary widely from one type of fuel-cycle installation to another, but in any 
case they are generally small and they decrease the further the distance 
from the facility. Moreover, they have been markedly reduced over time 
because of lower discharge levels. For instance, Fig. 11.2 presents the reduc-
tion of normalized noble gas releases for different periods and types of 
reactor. Over the period 1970–2002, radioactive releases (expressed as 1012 
becquerels per 109 watts of electrical energy produced) of noble gases were 
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reduced from 13,000 to 112; those for tritium were reduced from 448 to 43, 
and for iodine from 0.047 to 0.0006 (UNSCEAR, 2011).

In sum, the doses due to the nuclear fuel cycle in general and to NPPs in 
particular are a tiny fraction of the doses incurred by the population. Table 
11.3 presents the latest UNSCEAR estimates of global radiation doses from 
different sources (UNSCEAR, 2011).

Occupational exposures

The workforce exposed to radiation in NPPs amounts to several hundred 
thousand workers. This is a fraction of the total of occupationally exposed 
workers in nuclear fuel cycle activities and a relatively small fraction of 
those exposed in other non-nuclear activities. The total number of occupa-
tionally exposed workers is estimated by UNSCEAR to be about 22.8 
million, of whom about 13 million are exposed to enhanced natural sources 
of radiation, about 7.5 million to medical sources and the rest to other 
artifi cial sources. Table 11.4 presents some activities or practices involving 
occupational exposure (UNSCEAR, 2011).

The major occupational exposure for the production of nuclear electricity 
has not been occurring at NPPs but rather in other parts of the nuclear fuel 
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Table 11.4 Practices involving occupational exposure

Category of practice Practice

Exposure to natural 
sources of radiation

Civilian aviation
Coal mining
Other mineral mining
Oil and natural gas industries
Workplace exposure to radon other than in mines

Nuclear fuel cycle Uranium mining
Uranium enrichment and conversion
Fuel fabrication
Reactor operation
Decommissioning
Fuel reprocessing
Research in the nuclear fuel cycle 
Waste management

Medical uses Diagnostic radiology
Dental radiology
Nuclear medicine
Radiotherapy
All other medical uses

Industrial uses Industrial irradiation
Industrial radiography
Luminizing
Radioisotope production
Well logging
Accelerator operation
All other industrial uses

Miscellaneous Educational establishments
Veterinary medicine
Other occupations

Military activities All military activities

cycle, mainly in the mining of uranium. The average annual effective dose 
incurred by workers involved in the nuclear fuel cycle has gradually declined 
since 1975, from 4.4 mSv to 1.0 mSv at present. Much of this decline is 
because of the more advanced mining techniques in uranium mining. 
Concurrently, the lower occupational exposures at NPPs have also been 
declining, mainly due to optimization of radiation protection (see herein-
after). UNSCEAR reports that in the period 1970–2002 the individual dose 
declined from a higher average of 13.2 millisievert per annum to a lower of 
0.2 millisievert per annum. As shown in Fig. 11.3, the total occupational 
exposure at NPPs divided by the energy produced has also fallen steadily 
over the past three decades (UNSCEAR, 2011).

On the other hand, the trends in average annual occupational effective 
doses show a clear increase for the occupations being exposed to natural 
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radiation and a decrease for the nuclear fuel cycle. This is shown in Table 
11.5.

11.3 Biological effects of radiation

In no other fi eld of scientifi c investigation does an international mechanism 
to achieve global consensus exist compared with that specifi cally set up for 
estimating health effects attributable to exposure to ionizing radiation. 
UNSCEAR has, for nearly half a century, annually assembled leading radia-
tion specialists to provide the most plausible estimates of the health risks 
attributable to radiation exposure, and periodically submitted them to the 
192 world governments via the UN General Assembly. The extremely 
detailed UNSCEAR reports on radiation effects are a synthesis of thou-
sands of peer-reviewed references. While it is certainly unfeasible to sum-
marize accurately such a vast amount of information, the author has made 

Table 11.5 Trends in average annual occupational effective doses in 
millisieverts per annum (1980–1984, 1990–1994 and 2000–2002)

Source of exposure 1980–1984 1990–1994 2000–2002

Natural sources – 1.8 2.9
Military activities 0.7 0.2 0.1
Nuclear fuel cycle 3.7 1.8 1.0
Medical uses 0.6 0.3 0.5
Industrial uses 1.4 0.5 0.3
Miscellaneous 0.3 0.1 0.1
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several brief accounts of UNSCEAR estimates aimed at a broad audience 
(González, 2002, 2004b, 2004c).

UNSCEAR’s estimates have not changed substantially over the past 
years and can be categorized into two types of effects, namely (1) prompt 
tissue-reactions that are usually termed ‘deterministic’ effects, because they 
are determined to occur above certain dose thresholds, and (2) long-term 
late effects, such as cancer, which are termed ‘stochastic’ effects due to the 
aleatory nature of their manifestation.

11.3.1 Tissue reactions: deterministic effects

At high levels of radiation doses, the cell-killing properties of radiation 
exposure will cause tissue-reaction effects that are usually termed ‘deter-
ministic’ effects, because they are determined to occur above a certain dose. 
In fact, the induction of tissue reactions is generally characterized by a 
threshold dose. The reason for the presence of this threshold dose is that 
radiation damage (serious malfunction or death) of a critical population of 
cells in a given tissue needs to be sustained before injury is expressed in a 
clinically relevant form. Above the threshold dose the severity of the injury, 
including impairment of the capacity for tissue recovery, increases with 
dose. These effects can be clinically diagnosed in the exposed individual.

Table 11.6 presents the projected threshold estimates of the acute 
absorbed doses for 1% incidences of morbidity and mortality involving 
adult human organs and tissues after whole-body exposures to gamma rays 
similar to those encountered in NPPs. It is to be noted that these levels of 
acute absorbed doses can be reached in NPPs only if a serious accident 
occurs. These levels are inconceivable in normal operations.

11.3.2 Stochastic effects

On the other hand, it has been widely postulated that any radiation expo-
sure, at any level, however small, may cause a risk for future increases in 
the natural incidence of some malignancies and hereditable effects. On the 
basis of available radio-epidemiological studies in humans exposed to rela-
tively high radiation doses, UNSCEAR has assessed that the excess lifetime 
risk of mortality (averaged over both sexes) is:

• for all solid cancers combined, 3.6–7.7% per Sv for an acute dose of 
0.1 Sv, and 4.3–7.2% per Sv for an acute dose of 1 Sv

• for leukaemia, 0.3–0.5% per Sv for an acute dose of 0.1 Sv, and 0.6–1.0% 
per Sv for an acute dose of 1 Sv.

Taking into account available radio-biological information and epidemio-
logical studies in animals, UNSCEAR has also made estimates of risk of 
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Table 11.6 Projected threshold estimates of acute absorbed doses (for 1% 
incidences of morbidity and mortality involving adult human organs and 
tissues after whole-body gamma ray exposures)

Effect Organ/tissue Time to 
develop 
effect

Absorbed 
dose (Gy)e

Morbidity: 1% incidence
Temporary sterility Testes 3–9 weeks ~0.1a,b

Permanent sterility Testes 3 weeks ~6a,b

Permanent sterility Ovaries <1 week ~3a,b

Depression or blood-
forming process

Bone marrow 3–7 days ~0.5a,b

Main phase or skin 
reddening

Skin (large areas) 1–4 weeks <3–6b

Skin burns Skin (large areas) 2–3 weeks 5–10b

Temporary hair loss Skin 2–3 weeks ~4b

Cataract (visual impairment) Eye Several years ~1.5a,c

Mortality:
Bone marrow syndrome:
– without medical care Bone marrow 30–60 days ~1b

– with good medical care Bone marrow 30–60 days 2–3b,d

Gastro-intestinal syndrome:
– without medical care Small intestine 6–9 days ~6d

– with good medical care Small intestine 6–9 days >6b,c,d

Pneumonitis Lung 1–7 months 6b,c,d

a ICRP (1984).
b UNSCEAR (1988).
c Edwards and Lloyd (1996).
d Scott and Hahn (1989), Scott (1993).
e Most values rounded to the nearest gray; ranges indicate area dependence for 
skin and differing medical support for bone marrow.

heritable diseases in one generation due to low-dose exposure and con-
cluded that the risks in the fi rst generation (per unit low-LET dose) are:

• for dominant effects (including X-linked diseases), ~750–1500 per 
million per gray vis-à-vis a baseline frequency of 16,500 per million

• for chronic multifactorial diseases, ~250–1200 per million per gray vis-
à-vis a baseline frequency of 650,000 per million

• for congenital abnormalities, ~2000 per million per gray vis-à-vis a base-
line frequency of 60,000 per million (chromosomal effects were assumed 
to be subsumed in part under the risk of autosomal dominant and 
X-linked diseases and in part under that of congenital abnormalities).

In sum, as far as radiation-induced heritable diseases is concerned, 
UNSCEAR concluded that for a population exposed to radiation in one 
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generation only, the risks to the progeny of the fi rst post-radiation genera-
tion are estimated to be 3000 to 4700 cases per gray per one million progeny, 
which constitutes 0.4–0.6% of the baseline frequency of those disorders in 
the human population.

It should be noted, however, that these estimates are associated with 
unavoidable uncertainties. The processes occurring from the ionization of 
living matter by radiation exposure up to the expression of the attributable 
detrimental health effects are extremely complicated and can only be 
assessed with considerable uncertainties. For stochastic effects they extend 
over different time periods: the physical interaction taking place in mil-
lionths of microseconds, the physicochemical interactions occurring in thou-
sandths of microseconds up to milliseconds, the biological response arising 
in seconds up to days, and the stochastic medical effects expressed after 
years, decades and – in the case of hereditary effects – probably centuries.

11.3.3 Summary of the biological effects of radiation

In summary,

• In normal operations of NPPs radiation doses incurred by the members 
of the public will be insignifi cant and those incurred by workers will be 
relatively small, lower than the typically elevated levels of the back-
ground radiation that is ubiquitous in nature.

• These radiation doses are far below the threshold doses of deterministic 
effects. Therefore, the occurrence of deterministic effects in NPPs is 
prevented.

• Nonetheless, it is assumed that low radiation doses have the potential 
to induce stochastic effects, such as cancer and hereditable harm, that 
may become manifest many years after the exposure; the probability of 
occurrence of stochastic effects at low doses is exceedingly small, 
although it is assumed to increase proportionally with dose, and the 
effects are unlikely to be detectable (ICRP, 2005b; Beninson, 1996).

• Conversely, workers involved in an accident within an NPP (perhaps 
only a small number of the workforce) could also be exposed to high 
radiation doses, e.g. of the order of thousands of millisieverts. If such 
dose levels are incurred, clinically visible deterministic health effects are 
almost certain to appear, usually as burns and other tissue reactions, 
within days of the exposure, affecting the functioning of tissues and 
organs with a severity that increases with dose. In severe cases, they can 
cause the death of exposed individuals.

The effects of different radiation doses and the likelihood of observable 
consequences are summarized in an extremely simplifi ed manner in Table 
11.7 (ICRP, 2005a).
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Table 11.7 Summary of radiation-induced health effects

Dose Effects on individuals Consequences for an 
exposed population

Very low dose: about 
10 mSv (effective 
dose) or less

No acute effects; extremely 
small additional cancer 
risk

No observable increase 
in the incidence of 
cancer, even in a 
large exposed group

Low dose: towards 
100 mSv (effective 
dose)

No acute effects, 
subsequent additional 
cancer risk of less than 
1%

Possible observable 
increase in the 
incidence of cancer, if 
the exposed group is 
large (perhaps greater 
than about 100,000 
people)

Moderate dose: 
towards 1000 mSv 
(acute whole-body 
dose)

Nausea, vomiting possible, 
mild bone marrow 
depression; subsequent 
additional cancer risk of 
about 10%

Probable observable 
increase in the 
incidence of cancer, if 
the exposed group is 
more than a few 
hundred people

High dose: above 
1000 mSv (acute 
whole-body dose)

Certain nausea, likely bone 
marrow syndrome; high 
risk of death from about 
4000 mSv of acute 
whole-body dose without 
medical treatment. 
Signifi cant additional 
cancer risk

Observable increase in 
the incidence of 
cancer

11.3.4 Nominal risk coeffi cients

Taking into account the above described UNSCEAR estimates for the 
effects that can be attributed to the normal operation of NPPs, and its own 
fi ndings, the ICRP recommended the use of ‘detriment-adjusted nominal 
risk coeffi cients’ for the only purpose of radiological protection at low doses. 
These coeffi cients are numerals expressed in % per unit dose, which – mul-
tiplied by dose – aim at quantifying the plausibility or ‘degree of belief’ of 
latent effects as a result of radiation exposure. The coeffi cients are nominal, 
in the sense that they do not necessarily correspond to a real value, since 
they relate to hypothetical (not real) people who are averaged over age and 
sex. Since the different possible effects may cause distinct detriment to 
people, the coeffi cients are multidimensional, quantifying the plausible 
expectation of harm, and including among other factors the weighted plau-
sibility of fatal and non-fatal harm, and life lost should the harm actually 
occur.

�� �� �� �� ��



348 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

The detriment-adjusted nominal risk coeffi cients recommended by ICRP 
are:

• for malignancies,
– 5.5% Sv−1 for a whole population
– 4.1% Sv−1 for an adult population

• for hereditable effects,
– 0.2% Sv−1 for a whole population
– 0.1% Sv−1 for an adult population

which result in a combined value of

• 5.7% Sv−1 for a whole population
• 4.2% Sv−1 for an adult population.

The risk coeffi cients imply a central assumption of a linear dose–response 
relationship for the induction of cancer and heritable effects, according to 
which an increment in dose would induce a proportional increment in risk 
even at low doses. This assumption is essential for the practical implementa-
tion of the system of radiation protection (see hereinafter) in order to 
provide the basis for the summation of doses of various levels, from differ-
ent sources, and from external exposure and from intakes of radionuclides 
(Beninson, 1996).

It is again emphasized that the risk coeffi cients are nominal, i.e. artifi cially 
constructed using average phantoms. Figure 11.4 indicates how the effective 
dose is constructed using these phantoms (ICRP, 2007b).

Radionuclide intake and
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11.4 Use of phantoms and sex averaging to obtain the effective dose.
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International radiation safety standards have taken the UNSCEAR esti-
mates and ICRP recommendations into account, rounding an overall 
nominal risk coeffi cients to ~5% Sv−1, as the basis of the requirements for 
limiting radiation risks. This is because, while it is not demonstrable, it is 
considered plausible that risks be attributable to radiation exposures, even 
at low doses, and therefore for reasons of social duty, responsibility, utility, 
prudence and precaution, it is ethically required that regulatory bodies do 
ascribe such nominal radiation risks to prospective exposure situations. 
However, both UNSCEAR and ICRP had made clear that while nominal 
risk coeffi cients can be used for attributing risk for purposes of prospective 
planning, they cannot be used for attributing factual health effects 
retrospectively.

11.4 Attributability of risks and potential health 

effects to nuclear power plants (NPPs)

Attribution of radiation risks and effects to radiation exposure situations, 
particularly those involving the low doses registered at NPPs, is a tricky 
issue. It means regarding actual effects or postulated risk, or both, as being 
caused by the exposure situation and assigning them to the situation, there-
fore transferring to the situation the related responsibilities and liabilities 
(the term is rooted in the Latin attribuere, from ad- ‘to’ + tribuere ‘assign’).

However, this chapter is not intended to address issues of law involving 
imputation rather than attribution; e.g., it does not deal with the legal 
concept of causality that is common in occupational litigations (ILO, 2010). 
Rather, its aims are to focus on the epistemology of the issue, namely on 
the current theories of knowledge on health effects of radiation at low 
doses, especially with regard to the methods, validity and scope of the theo-
ries. From this epistemological basis, it endeavours to clarify a conundrum 
in radiation sciences: whether radiation risks or radiation effects, or both, 
are attributable to NPP operations.

While the attribution of radiation risk is associated with the concept of 
probability, the attribution of radiation effects should be based on the 
concept of provability. These two concepts are subtly distinct: probability is 
an established quantity, measurable through statistical techniques or assign-
able through formal Bayesian approaches, which measure the likelihood 
that harm might be incurred; conversely, provability appears to be an 
unquantifi able quality describing the capability to demonstrate by evidence 
the actual occurrence of radiation effects. Thus, on the basis of the available 
evidence, attribution notions should be elucidated. These should be appar-
ent to experts but are usually not substantiated on epistemology and seem-
ingly remain obscure for decision-makers and the general public.
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11.4.1 Attributability of deterministic effects

Deterministic effects can be attributed to specifi c NPP exposures with a 
high degree of confi dence under the following conditions:

• The dose incurred was higher than the relevant dose-threshold for the 
specifi c effect.

• In addition, an unequivocal pathological diagnosis is attainable ensuring 
that possible competing causes have been eliminated.

Only under both of these conditions may the occurrence of the effect be 
properly attested and attributed to the exposure. One exception to this 
general rule could be specifi c situations of radiation exposure to the lens 
of the eye that might be suffi cient to induce opacities, a situation that may 
be familiar in interventional radiology but should not occur at NPPs.

11.4.2 Attributability of stochastic effects

Conversely, malignant or hereditary effects cannot be unequivocally attrib-
uted to radiation exposure on individual bases for reasons of counterfactual 
conditionality. This is because radiation exposure is not the only possible 
cause of these types of effects and, at present, no biomarkers are available 
for these effects that are specifi c to radiation exposure.

However, while the occurrence of malignant effects (or of hereditable 
effects in the descendants of those exposed) cannot be unequivocally attrib-
utable to radiation on an individual basis, an increased incidence of these 
effects in a population can theoretically be attributed to radiation on a col-
lective basis. Collective attribution can be established through epidemio-
logical analysis, under the following conditions:

• The number of cases of the effect in the exposed population should be 
suffi cient to overcome the inherent aleatory uncertainties of epidemio-
logical analyses.

• In addition, the increase in the collective prevalence of the effect in the 
exposed population is properly attested by a qualifi ed radio-epidemio-
logical procedure.

In situations of chronic exposures at levels similar to those arising from 
normal operations of NPPs, the expected number of additional cases of 
malignancies in a commensurate population for an epidemiological study 
would be so low that attribution is unattainable either individually or 
collectively.

Thus, while increased incidences of malignancies and hereditary effects 
might theoretically occur in populations exposed to NPPs, since it is not 
feasible to obtain unequivocal scientifi c evidence of their occurrence, they 
therefore should neither be deemed attributable nor be used prospectively 
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in notional projections of radiation harm. Moreover, hereditary effects 
cannot at present be attributed to radiation exposure, even at high doses, 
because the fl uctuation in the normal incidence of these effects is likely to 
be so much larger than any expected radiation-related increase in the 
incidence.

It is to be noted, however, that occasionally individual attribution can 
nevertheless be ostensible, namely, apparently factual, even if not necessar-
ily so; this may be the case when:

• the ‘background’ incidence of the effect is low, and
• the radio-sensitivity of the effect is high.

A typical example of ostensible individual attributibility is the case of fol-
licular thyroid cancer in children exposed to relatively high thyroid doses 
such as those incurred after the Chernobyl accident.

11.4.3 Attributability of cellular damage

It should moreover be noted that effects can occur in human cells exposed 
to relatively high levels of radiation. These effects can be detected through 
specialized bioassay specimens, such as some haematological and cytogenic 
sampling. They may be used as biological indicators of the exposure and 
can help to identify and even quantify high individual exposures to radia-
tion, such as those occurring in accidents. However, the presence of biologi-
cal indicators of exposure does not necessarily imply that the individual had 
experienced or would experience health effects that could be attributed to 
radiation.

11.4.4 Attributability of radiation risk

Notwithstanding the unattributability of stochastic effects, it should be 
noted that under present knowledge, it can be demonstrated that risks 
(rather than factual effects) can in fact be attributable to radiation exposure 
situations, even to those delivering small doses. Therefore, for reasons of 
radiation protection, and also of duty, responsibility, prudence and precau-
tion, it is necessary to ascribe nominal radiation risks to prospective expo-
sure situations. Thus, nominal risk coeffi cients should be developed from 
the observed increased incidence of radiation effects at high doses and be 
used solely for radiation protection purposes (see hereinafter).

11.5 Radiation protection paradigm

The radiation protection paradigm is a model for keeping people safe from 
radiation injury or harm, which in this case could be caused by NPP opera-
tions. It is founded on fundamental principles, which in turn are based on 
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solid ethical doctrines, and built up into a system of radiation protection. 
The primary aim is to achieve an appropriate level of protection for people 
and the environment against the detrimental effects of radiation exposure 
without unduly limiting the desirable human actions that may be associated 
with such exposure, one of these actions being the generation of nuclear 
electricity. The system includes a classifi cation of feasible exposure situa-
tions, a characterization of type of exposures and a scheme for controlling 
such exposures.

It is to be noted that radiation protection concerns all exposures to radia-
tion from any source, regardless of its size and origin. However, the restraint 
of exposures can apply in their entirety only to situations in which either 
the source of exposure or the pathways leading to the doses received by 
individuals can be controlled by some reasonable means. Some exposure 
situations are excluded from radiological protection legislation, usually on 
the basis that they are unamenable to control with regulatory instruments 
(e.g., some exposure to natural sources), but this is not the case for exposure 
situations from NPPs which are unexceptionally included in regulations. 
However, some exposure situations at NPPs may be exempted from some 
radiation protection regulatory requirements whenever such controls are 
regarded as unwarranted, e.g. because the activity of the sources and the 
exposure they deliver are minute. ICRP has issued comprehensive recom-
mendations for exclusion and exemptions (ICRP, 2007b). Remarkably, 
international agreements have been reached for exemption values in all 
commodities (IAEA, 2004b, 2004c), for drinking water (WHO, 2004) and 
for foodstuffs (CAC, 2006).

11.5.1 The basic principles

The basic principles developed by ICRP over the years continue to be 
regarded as the fundamental basis for a system of radiological protection 
(ICRP, 2007a). They can be simplistically formulated as follows:

• Principle of justifi cation (of actions that modify the radiation exposure 
people incur): Any decision that alters the radiation exposure situation 
should do more good than harm – meaning that by introducing new 
radiation sources or by intervening for reducing existing doses (or the 
risk of potential doses), suffi cient individual or societal benefi t should 
be achieved to offset the radiation detriment such actions may cause. In 
the case of NPPs this principle could be translated as follows: the intro-
duction of a NPP should provide suffi cient benefi ts to the society and 
its individuals as to offset the radiation detriment that the NPP opera-
tion might cause. (The need for justifi cation of NPPs has been treated 
in Chapter 8.)
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• Principle of optimization (of radiation protection): The likelihood of 
incurring exposures, the number of people exposed, and the magnitude 
of their individual doses and risks should all be kept as low as reason-
ably achievable, taking into account economic and societal factors. For 
NPPs this can be formulated as follows: the level of radiation protection 
designed for the NPP and the level of radiation protection during 
its operation should be the best under the prevailing circumstances, 
maximizing the margin of benefi t over harm.

• Principle of individual protection: Inequitable individual protection out-
comes of justifi cation and optimization should be prevented by restrict-
ing individual doses, by applying individual-related dose limits and 
source-related dose constraints and reference levels. For NPPs, plant-
related dose constraints and reference levels should be established 
respecting individual-related dose limits.

These principles contain embedded values of prudence encompassing the 
protection of future generations and their habitat. These values can be 
formulated as a de facto principle:

• Principle of intergenerational prudence, which extends the radiological 
protection principles to all humanity, regardless of where and when they 
live, and implies that all humans, present and future, and their habitat 
shall be afforded a level of protection that is not weaker than the level 
provided to the populations of the society causing the protection needs. 
In practice, this means that the dose from NPPs to be controlled is the 
committed dose rather than the incurred dose.

11.5.2 The ethical basis of the radiation protection principles

There is a direct correlation between the basic principles of radiological 
protection recommended by ICRP and basic universal ethical doctrines. 
This correlation can be described as follows (González, 2010):

• The principle of justifi cation is based on teleological ethics (namely con-
sequentiality ethics), which is expressed with the aphorism ‘Mind the 
ends, which justify the means’.

• The principle of optimization is based on utilitarian ethics, which is 
expressed with the aphorism ‘Do the greatest good for the largest 
number of people’.

• The principle of limitation is based on deontological ethics, which 
is expressed with the aphorism ‘Do not unto others what they should 
not do unto you’ (or with the religious dogma ‘God’s commandments 
may be summed up in this one rule: care for your neighbour as 
yourself’).
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• The principle of intergenerational prudence is based on aretaic ethics 
(namely virtue ethics) which is expressed with the aphorism ‘Do good 
that will not be returned’ and is the basis for complying with the UN’s 
Precautionary Principle (UNESCO, 2005).

Teleological and utilitarian ethics belong to a family of ‘social-oriented’ 
ethics; deontological and aretaic ethics belong to a family of ‘individual-
oriented’ ethics. In relation to radiation protection, namely for keeping 
humans safe from radiation harm or injury, teleological and utilitarian 
ethics would aim at the principles for protecting society as a whole, 
while deontological and virtue ethics are more focused on individual 
protection.

The principles and their ethical foundations are interrelated and appli-
cable to all exposure to radiation risk, namely to exposures to ‘certain’ doses 
and to exposures to the ‘potential’ of doses. Moreover, distinctly from con-
ventional ethical approaches, the ICRP principles harmonize all the prevail-
ing ethical doctrines and use all of them in conjunction, as illustrated in 
Fig. 11.5 (González, 2010).

Building bridges among the ethical doctrines and applying them to radio-
logical protection has historically been at the roots of the ethic accomplish-
ment of the ICRP recommendations.

11.5.3 Classifi cation of radiation exposure situations

Radiation protection applies to all conceivable radiation exposure situa-
tions, which can be classifi ed as planned, emergency and existing exposure 
situations, as follows (ICRP, 2007a):

Justification
=

Teleology

Optimization
=

Utility

Restrictions
=

Deontology

Prudence
=

Arête

Ethics

of

Protection

11.5 The radiation protection principles and their ethical foundations.
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• Planned exposure situations refer to circumstances involving the planned 
introduction and operation of sources that may expose people to 
radiation.

• Emergency exposure situations refer to unexpected accidental condi-
tions that may occur during the operation of a planned situation, or from 
a malicious act, and which require urgent protective attention.

• Existing exposure situations refer to a radiation environment that already 
exists when a decision on control has to be taken, e.g., natural back-
ground radiation exposure situations.

For NPPs, the design and operation stages are clearly planned exposure 
situations. If an accident occurs, it should be treated as an emergency expo-
sure situation. The residual risks that might remain after the decommission-
ing and closure of NPPs may be treated as an existing exposure situation 
(González, 2009b).

11.5.4 Categorization of individual exposures

Three main categories of exposures can be distinguished (ICRP, 2007a):

 1. Occupational exposures, which are all exposures incurred by workers in 
the course of their work, with the exception of
– excluded exposures and exposures from exempt activities involving 

radiation or exempt sources
– any medical exposures
– the normal local natural background radiation.

 2. Public exposures, which are exposures incurred by members of the 
public from radiation sources, excluding any occupational or medical 
exposure and the normal local natural background radiation.

 3. Medical exposures of patients.

Exposures of comforters and carers, and exposures of volunteers in research, 
are treated separately in radiation protection. From the above categories, 
the only ones relevant for NPPs are occupational and public exposures.

It is to be noted that while the categorization of exposure does not rec-
ognize gender distinctions, if a female worker at the NPP has declared that 
she is pregnant or nursing, additional controls have to be considered in 
order to attain a level of protection for the embryo/fetus broadly similar to 
that provided for members of the public.

11.5.5 Control of exposures

Exposure levels should be controlled through dose limits, dose constraints 
and reference levels for representative individuals (ICRP, 2007a) and mainly 
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throughout the full application of the principle of optimization of protec-
tion. ICRP has provided ample guidance for the implementation of optimi-
zation (ICRP, 1973, 1980, 1990, 2006b).

A dose limit is an individual-related dose restriction defi ned as the value 
of the effective dose or the equivalent dose to individuals from planned 
exposure situations that shall not be exceeded.

Dose constraints are prospective and source-related restrictions on the 
individual dose from a given source, which provide a basic level of protec-
tion for the most highly exposed individuals from that source, e.g. a NPP in 
toto or any of its systems, and serve as an upper bound on the dose in opti-
mization of protection for that source. For occupational exposures, the dose 
constraint is a value of the individual dose used to limit the range of options 
considered in the process of optimization. For public exposure, the dose 
constraint is an upper bound on the annual doses that members of the 
public should receive from the planned operation of the NPP.

Reference levels are used in emergency or existing controllable exposure 
situations, and represent the level of dose or risk above which it is judged 
to be inappropriate to plan to allow exposures to occur, and below which 
optimization of protection should be implemented. The chosen value for a 
reference level will depend upon the prevailing circumstances of the expo-
sure under consideration. They shall be used in the emergency planning of 
any NPP.

Figure 11.6 contrasts dose limits with dose constraints and reference 
levels for protecting workers and members of the public (ICRP, 2007a).

Table 11.8 illustrates the use of dose limits, dose constraints and reference 
levels within the system of protection for occupational and public exposures 

Dose limits Constraints and reference levels

Protect individual workers from occupational exposure
and the representative person from public exposure

From all regulated sources
in planned exposure situations

From a source
in all exposure situations

11.6 Dose limits vis-à-vis dose constraints and reference levels.
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Table 11.8 Use of dose limits, dose constraints and reference levels

Type of situation Occupational exposure Public exposure

Planned exposure Dose limit
Dose constraint

Dose limit
Dose constraint

Emergency exposure Reference levela Reference level

a Long-term recovery operations should be treated as part of planned occupational 
exposure.

at NPPs (ICRP, 2007a). The recommended dose limits are as follows (ICRP, 
2007a):

• For occupational exposure in planned exposure situations, the limit 
should be expressed as an effective dose of 20 mSv per year, averaged 
over defi ned fi ve-year periods (100 mSv in fi ve years), with the further 
provision that the effective dose should not exceed 50 mSv in any single 
year.

• For public exposure in planned exposure situations, the limit should be 
expressed as an effective dose of 1 mSv in a year. However, in special 
circumstances a higher value of effective dose could be allowed in a 
single year, provided that the average over defi ned fi ve-year periods 
does not exceed 1 mSv per year.

The limits on effective dose apply to the sum of doses due to external 
exposures and committed doses from internal exposures due to intakes of 
radionuclides. Occupational intakes may be averaged over a period of fi ve 
years to provide some fl exibility. Similarly, averaging of public intakes over 
a period of fi ve years would be acceptable in such special circumstances 
where averaging of the dose to members of the public could be allowed.

Finally, Table 11.9 presents the framework for recommended source-
related dose constraints and reference levels with examples of constraints 
for workers and the public exposed to NPPs.

11.5.6 Protection of the environment

Current radiation protection approaches acknowledge the importance of 
protecting not only humans but also the environment. Previously the 
concern focused on mankind’s environment only with regard to the transfer 
of radionuclides through it, mainly in the context of planned exposure situ-
ations. In such situations, the standards of environmental control needed to 
protect the general public would ensure that other species are not placed 
at risk. To provide a sound framework for environmental protection in all 
exposure situations, there has been proposed the use of ‘reference animals 
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and plants’. In order to establish a basis for acceptability, additional doses 
calculated to these reference organisms could be compared with doses 
known to have specifi c biological effects and with dose rates normally 
experienced in the natural environment. Nobody, however, is proposing to 
set any form of ‘dose limits’ for environmental protection.

It should be recognized that until recently the word environment itself 
was absent in normal parlance and, unsurprisingly, concerns for environ-
mental protection are a relatively new phenomenon. The term ‘environ-
ment’ derives from the old French environ, ‘surroundings’, from en ‘in’ + 
viron ‘circuit’, strictly referring to the surroundings of an object. More 
recently it has evolved to mean the surroundings or conditions in which a 
person, animal or plant lives or operates and, even more recently, it has 
become equated to the natural world, especially as affected by human activ-
ity. It will certainly take time to develop comprehensive protection doc-
trines for such a relatively contemporary concept, one that encompasses 
this relatively new human apprehension. Over the last years, two fundamen-
tal environmental protection approaches (rather than ethics) are being 
constructed: the so-termed biocentrism and ecocentrism.

In spite of this apparent vacuum of an environmental protection ethics, 
some basic principles are being developed for protecting not only humans 
but also the environment in itself from the detrimental effects of radiation 
exposure. The aim is to ensure that the development and application of 
approaches to environmental protection are compatible with those for 
radiological protection of humans, and with those for protection of the 
environment from other potential hazards (IAEA, 2005b).

As indicated heretofore, within the context of planned exposure situa-
tions, the standards of environmental control needed to protect the general 
public should ensure that other species in the human habitat are not placed 
at risk. However, the situation could be different in emergency and existing 
situations and in the environment at large. Thus, the radiation protection 
community is adhering to some international basic environmental protec-
tion objectives such as:

• to maintain biological diversity
• to ensure the conservation of species
• to protect the health and status of natural habitats, communities and 

ecosystems.

Under these premises, a framework for assessing the impact of ionizing 
radiation on non-human species (ICRP, 2003) and the techniques for imple-
mentation (ICRP, 2008) have been recommended by ICRP.

Ultimately, the protection of the environment from radiation exposure 
will be achieved through international efforts for restricting discharges of 
radioactive substances (González, 2005).
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11.6 Potential exposures

While the radiation protection principles were originally formulated for 
dealing with protection against ‘certain’ exposures, namely against expo-
sures that will occur with some degree of certainty, they may, mutatis 
mutandi, be used against ‘potential’ exposures as well, namely against situ-
ations having the capacity to develop into real exposures in the future. 
Namely, the principles described heretofore can be used not only for ‘radia-
tion protection’ but also for ‘radiation safety’ in general and for nuclear 
safety in particular. Nuclear safety has been treated in Chapter 10.

Proposals for safety criteria for NPPs founded on the underlying radia-
tion protection principles were suggested very early (González, 1974, 1982, 
1986). The basic proposal was to use available probabilistic assessment 
tools, such as event and fault trees, for a priori overall safety analyses. A 
comparison could, therefore, be performed between the probability of 
occurrence of a hypothetical chain of events leading to an unexpected 
human exposure, along with its consequences in terms of doses incurred, 
and a regulatory criterion based on the radiation protection principles. The 
relevant regulatory authorities would then be able to judge safety levels on 
the basis of a rational approach sharing the same principles of radiological 
protection.

A conceptual framework for the protection from potential exposure and 
how to apply the conceptual framework to selected radiation sources has 
been recommended internationally (ICRP, 1993, 1997b).

There is at least one practical regulatory application of the radiation 
protection principles to a nuclear safety criterion (CNEA, 1979, 1980; ARN, 
2010), which was discussed at various international meetings (González, 
1982, 1986). The aim of the regulatory criterion is to require applicants for 
a NPP licence to identify the failure sequences which, in the case of occur-
rence, will deliver a radiation dose to members of the public, and make their 
probability of occurrence suffi ciently low to be coherent and consistent with 
the radiological protection principles. The probability of occurrence of each 
failure sequence, as well as the corresponding activity of released radionu-
clides, should be assessed by using event and fault tree analyses, which must 
comply with the following criteria:

 1. The failure analysis shall systematically encompass all foreseeable fail-
ures and failure sequences, including the common-mode failures, the 
failure combinations and the situations exceeding the design basis 
(failure in this context means an aleatory event preventing a component 
from performing its safety function, as well as any other event which 
may additionally occur as a necessary consequence of such defi ciency; 
failure sequence, on the other hand, means a sequential series of failures 
which can, although not necessarily, occur after an initiating event.
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 2. A failure or a failure sequence may be selected as representative of a 
group of failures or of failure sequences (in such a case, the failure or 
failure sequence to be selected from the group shall be that delivering 
the worst consequences and the analysis shall take into account the sum 
of the probabilities of the failure or failure sequences in the group).

 3. The analysis shall consider that a protection function may have lost 
operativeness either before the occurrence of the failure or of the failure 
sequence or as a result of such occurrence.

 4. The analyses of failures, of failure sequences or of any part thereof shall 
be based on experimental data as far as possible (if this cannot be done, 
the valuation methods must be validated through appropriate tests).

 5. The levels of failure rate assigned to the safe-related components, in the 
evaluation of the failure probability of systems, shall be justifi ed. In the 
case that justifi able values were not available for some of the compo-
nents, the applicant shall use levels of failure rate prescribed by the 
licensing authority (if a given failure rate is justifi ed on the basis of 
quality assurance, this must be specifi ed in detail).

 6. The failure analyses shall consider the maintenance and testing proce-
dures, and the time interval between successive maintenance and testing 
actions.

 7. Failure rates postulated for human actions shall be justifi ed taking into 
account the complexity of the task, the stress involved and any other 
factors which might infl uence that failure rate.

Thus annual probability of occurrence of any failure sequence, when 
plotted as a function of the resulting effective dose, shall result in compli-
ance with a criterion that is coherent and consistent with the principles of 
radiological protection enunciated above. The implicit basic safety goal is a 
risk limit derived from the dose limitation system used for radiation protec-
tion purposes, which – as seen before – includes four principles: two of them 
are source-related (e.g. justifi cation and optimization) and the other two 
are individual-related (e.g. individual limitation and intergenerational pro-
tection). These latter principles entail that the risk committed by individual 
sources should be low enough as to be automatically disregarded. The cur-
rently recommended dose limit of 1 mSv per year implies an annual risk 
limit of around 10−5 for any individual, even for the highest exposed one, as 
a result of performing all practices involving radiation exposure. However, 
since the dose limits relate to individuals, appropriate constraints for indi-
vidual doses should be selected for each source of exposure. The dose 
constraint must be suffi ciently lower than the relevant dose limit, so as to 
prevent individual exposure due to several sources from exceeding such 
limit. Therefore, the de facto annual limit of individual risk would become 
lower that the limit of around 10−5. On the basis of the above limit and 
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taking into account the uncertainties usually involved in probabilistic safety 
assessments, an annual risk limit for accidental exposures from nuclear 
installations should not exceed an order of 10−6. This would be consistent 
with the principles involved in the currently enforced system of dose limita-
tion. Moreover, accidental exposures may arise from a theoretically infi nite 
number of accidental sequences, each one having a given probability of 
occurrence and delivering a given expected dose to the most exposed indi-
vidual. The actual risk incurred by this individual will then result from the 
integration of the tail distribution of doses (i.e., the complement of the 
probability function of doses) times the probability of death provided 
the dose is incurred. The safety constraint should therefore be that the value 
of this integral be lower than 10−6 per annum.

The assessment of all possible accidental sequences involving radiation 
exposure is extremely diffi cult and practically impossible. Therefore, the 
regulator may be satisfi ed if around a tenth of the most relevant sequences 
are identifi ed, assigning them an annual risk limit of 10−7. Since each 
sequence may result in different doses, a criterion curve may be adopted, 
which is a relationship between the annual probability of sequence occur-
rence and the expected individual dose, each point of the curve representing 
a constant level of risk. This criterion curve is shown in Fig. 11.7 (Failure of 
a point to be under the criterion curve does not necessarily mean that the 
risk constraint is not met, because even in this case, the integral of the tail 
distribution could be lower than 10−6 annum.)

The logic behind the criterion curve is as follows. For the range of doses 
from which only stochastic effects of radiation can be incurred, the criterion 
curve must show a constant, negative, 45° slope in a log annual probability 
versus log individual dose coordinate axis plane. This would ensure that the 
annual probability of incurring the dose times the probability of death 
provided the dose is incurred (the latter being in the order of 10−2 per Sv) 
will be kept constant. One of the coordinate points in this part of the curve 
would obviously be {annual probability = ~10−7 annum−1; individual dose = 
1 Sv}, because the product 10−5 annum−1 × 1 Sv × 10−2 Sv−1 results in an 
annual risk of 10−7 annum−1. In the dose range where non-stochastic effects 
of radiation may occur (i.e., for individual doses higher than around 1 Sv), 
the slope of the curve should increase in order to take account of the higher 
risks of death at these levels of dose. For doses higher than approximately 
6 Sv, the probability of death approaches unity. From this level to higher 
doses, the criterion curve should remain constant at an annual probability 
of 10−7 (because the exposed individual would inevitably die regardless of 
the level of the dose). Between the coordinate points defi ned by {annual 
probability = 10−5 annum−1; individual dose = 1 Sv} and {annual probability 
= 10−7 annum−1; individual dose = 6 Sv}, the criterion curve should show a 
shape similar to that of the relationship between the individual dose and 
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the frequency of death (which, at that range, is approximately S-shaped but, 
for the sake of simplifi cation, the Authority has decided to approximate 
these two points by means of a linear-shaped relationship. Finally, the cri-
terion curve has been truncated at an annual probability level of 10−2, 
because the occurrence of incidents having a higher annual probability 
(regardless of the dose) should reasonably be expected to be unacceptable 
for any regulator.

It should be emphasized that the criterion curve is individual-related; i.e., 
it is intended to limit the risk-rate on the individual incurring the highest 
risk, but does not take into account the overall expected impact from acci-
dental situations. The criterion assures a level of safety which is suffi cient 
to ensure that an individual risk constraint, compatible with the philosophy 
of the dose limitation system, will not be exceeded. It fails, however, to 
answer positively the old question of the safety engineers, i.e. is such a safety 
level safe enough as to preclude further safety improvements? An installa-
tion complying with the criterion would equally consider whether it is 
imposing risks (lower than the ‘acceptable’ one) to few individuals, or 
whether many individuals would incur such risks. If an accident does occur, 
however, the overall radiological impact will be very different in each case, 
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suggesting that the overall safety level might be lower in the second case 
than in the fi rst one. Optimization may require further safety improvements 
in the second case. But, is this really necessary, providing the individual-
related criterion is met? And, if so, on what basis can optimization be 
implemented? These questions are not simple to answer but a logical 
response would allow for complementing the probabilistic criterion based 
on individual risk considerations alone.

Radiation protection assessments use the concept of radiation detriment, 
namely the mathematical expectation of harm, to quantify the impact from 
a source of radiation exposure. The detriment is an extensive quantity that 
estimates the combined impact of deleterious effects resulting from expo-
sure to a given radiation source. It is defi ned as the expectation of the harm 
to be incurred, taking into account the expected frequency and severity of 
each type of deleterious effect. The detriment incurred by one individual 
receiving a dose in the range of stochastic effects is proportional to the 
effective dose incurred, the proportionality factor being the probability that 
the individual will incur a deleterious effect as a result of the exposure. 
Therefore, in cases of actual exposures to low levels of dose, the total detri-
ment is proportional to the sum of all the individual effective doses incurred, 
i.e., to the collective dose commitment (this latter quantity results from the 
time integration of the collective dose rate, which, in turn, results from the 
integral of the population spectrum in terms of effective dose rate incurred). 
It was therefore tempting to use a similar concept for measuring the 
expected impact from accidental exposures (Beninson and González, 1981). 
For potential accidental exposures, the concept of detriment may keep its 
theoretical meaning, although it would become a quantity of a second order 
of stochasticity. In such case, the probability of a given exposure, i.e., the 
combined probabilities of both an accidental release and an environmental 
condition (dispersion, deposition), should be introduced in the formulation 
and integrated over all possibilities. Then, if low doses were expected, the 
detriment should be proportional to the resulting mathematical expectation 
of the collective dose commitment. For higher doses, another component 
of the detriment should be added in order to take into account the non-
stochastic effects of radiation.

This idea of using the detriment of a second order of stochasticity, and 
the related mathematical expectation of collective dose commitment, for 
quantifying the impact from accidental exposures is really appealing, as the 
concept would allow for optimizing safety, increasing it to a suffi ciently high 
level that further improvement would not be worthwhile taking into account 
both the benefi ts achieved in terms of expected collective dose commitment 
reduction and the cost of obtaining such reduction. However, unfortunately, 
it was demonstrated (Beninson and Lindell, 1981) that, at very low prob-
abilities, the detriment will lose its usefulness as a basis for decision-making. 
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In fact, in such cases the standard deviation of the result may be orders of 
magnitude higher than the actual expectation and the coeffi cient of variabil-
ity would become very large. The detriment is then no longer a central 
measure of the distribution of harm and, in addition, the uncertainty of the 
detriment becomes too large to make it meaningful, even if the probability 
as such could be estimated by safety assessments with an accurate degree 
of certainty. At very low failure probabilities, the inherent uncertainty of 
the product of probability and consequences makes the use of this quantity 
rather doubtful. For these reasons, for potential accidental exposures the 
principles of justifi cation and optimization are implemented in a less quan-
titative manner. The value assigned to the variables follows a utility function 
of probability and consequence. The utility function usually gives more 
weight to larger accidents than would be implied by the direct product of 
probability times consequence.

It must be emphasized that the proposals for using probabilistic safety 
criteria were never aimed at performing a posteriori ‘confi rmatory’ studies 
of the risk being incurred. Rather, they are aimed to check a priori that the 
prevention of accidents is coherent and consistent with the radiation protec-
tion principles. It should also be underlined that a priori probabilistic analy-
sis allows fi rmly grounded anticipation, when there are frequency data that 
allow classical statistical treatment, and (with the help of Bayes’s theorem) 
solidly founded inference when only professional judgement is available.

In sum, an approach to nuclear safety based on the radiation protection 
principles has a uniqueness: its coherence and consistency vis-à-vis both 
actual radiation safety situations and potential nuclear safety situations. 
This exceptionality is at the root of its claim that it is based on a common 
ethical approach.

11.7 Radiation safety standards

The epistemological basis provided by UNSCEAR and the radiation pro-
tection paradigm recommended by ICRP are converted into international 
radiation safety standards, for NPPs and other practices, under the aegis of 
the IAEA.

In performing its safety functions, the IAEA is contributing to what has 
been termed a de facto international radiation safety regime (González, 
2004b, 2004c), which includes three key elements:

 1. Legally binding international undertakings by States, usually in the form 
of safety-related international conventions

 2. Globally agreed international safety standards
 3. International provisions for facilitating the application of those 

standards.
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11.7.1 International conventions

The legally binding international undertakings by States are, in legal lan-
guage, international conventions. Under the auspices of the IAEA, four 
major radiation-safety related international conventions have been adopted 
in recent years, namely:

 1. The Convention on Early Notifi cation of a Nuclear Accident (IAEA, 
1986b)

 2. The Convention on Assistance in the Case of a Nuclear Accident or 
Radiological Emergency (IAEA, 1986c)

 3. The Convention on Nuclear Safety (IAEA, 1994)
 4. The Joint Convention on the Safety of Spent Fuel Management and on 

the Safety of Radioactive Waste Management (the so-called ‘Joint 
Convention’) (IAEA, 1997).

The obligations undertaken by signatory States of these Conventions apply 
inter alia to radiation protection of NPPs.

Another relevant undertaking for NPP operation is the Radiation 
Protection Convention, 1960 (No. 115) of the International Labour 
Organization (ILO, 1960). This Convention applies to all activities involving 
exposure of workers to ionizing radiations in the course of their work, 
including work at NPPs.

11.7.2 International standards

Pursuant to its Statute, the IAEA has established a body of standards in 
the fi elds of radiation safety, radioactive materials transport safety, radioac-
tive waste safety, and nuclear safety. The standards follow a common general 
pattern – fundamental principles and a set of mandatory requirements – as 
follows:

 1. Safety Fundamentals, stating basic objectives, concepts and principles
 2. Safety Requirements, stating basic requirements, which must be fulfi lled 

in the case of particular activities or applications
 3. Safety Guides, containing recommendations related to the fulfi lment of 

the basic requirements stated in the Standards.

Safety Fundamentals and Safety Requirements require the approval of 
government delegates at the IAEA’s Board of Governors. Safety Guides 
are issued under the authority of the IAEA’s Director General. A separate 
series of documents, the Safety Reports, gives examples and detailed 
descriptions of methods that can be applied in implementing the Standards.

The Safety Fundamentals (IAEA, 2006b) is the policy document of the 
IAEA safety standards, stating the basic objectives, concepts and principles 
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involved in ensuring protection and safety in the development and applica-
tion of atomic energy for peaceful purposes. They thereby provide the 
rationale for such activities having to fulfi l certain requirements but do not 
state what those requirements are or provide technical details and generally 
do not discuss the application of principles. The formulation of some of the 
international Fundamental Safety Principles is based on the radiation pro-
tection principles. Currently there are 10 Fundamental Safety Principles, 
namely responsibility for safety; role of government; leadership and man-
agement for safety; justifi cation of facilities and activities; optimization of 
protection; limitation of risks to individuals; protection of present and 
future generations; prevention of accidents; emergency preparedness and 
response; and protective actions to reduce existing or unregulated radiation 
risks. Four of them were extracted from the radiation protection principles, 
and are formulated as follows: justifi cation of facilities and activities (facili-
ties and activities that give rise to radiation risks must yield an overall 
benefi t); optimization of protection (protection must be optimized to 
provide the highest level of safety that can reasonably be achieved); limita-
tion of risks to individuals (measures for controlling radiation risks must 
ensure that no individual bears an unacceptable risk of harm); and protec-
tion of present and future generations (people and the environment, present 
and future, must be protected against radiation risks). The current 
Fundamentals are co-sponsored by six international organizations. They 
explain the fundamental basis for the approaches to protection and safety 
for those at senior levels in government and regulatory bodies, and for NPP 
operators, who may not be specialists in radiation protection and safety but 
who have decision-making responsibilities in such matters.

The Safety Requirements encompass the basic requirements that must be 
satisfi ed to ensure safety for particular activities or application areas. These 
requirements are governed by the basic objectives, concepts and principles 
presented in the Safety Fundamentals. The publications in this category do 
not present recommendations on, or explanations of, how to meet the 
requirements. The written style used in the Safety Requirements accords 
with that of regulatory documents since the requirements established may 
be adopted by Member States, at their own discretion, for use in national 
regulations. Regulatory requirements are expressed as ‘shall’ statements, 
are self-standing and do not cite standards of other organizations over 
which the IAEA has no control. They also are published in all offi cial lan-
guages of the IAEA.

The Safety Guides encompass recommendations, based on international 
experience, of measures to ensure the observance of the Safety Requirements. 
Recommendations in the Safety Guides are expressed as ‘should’ state-
ments and are issued under the authority of the Director General. A large 
number of Safety Guides support the Safety Requirements.
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11.7.3 Providing for the application of 
international standards

In order to meet its second responsibility – to provide for the application 
of its standards – the IAEA carries out a number of safety-related activities. 
These include fostering information exchange, encouraging research and 
development, providing technical assistance to developing Member States, 
promoting education and training and rendering a number of safety ser-
vices, such as radiological assessments of contaminated environments, the 
evaluation of accidents, and radiation protection appraisals carried out by 
international peers. In addition, any Member State may request the assis-
tance of the IAEA in setting up a project involving nuclear technology and, 
before approving the project, the IAEA’s Board of Governors is required 
to give due consideration to ‘the adequacy of proposed health and safety 
standards . . .’. The IAEA is also responsible for international nuclear safe-
guards and – with respect to any IAEA project, or other arrangement where 
the IAEA is requested by the parties concerned to apply safeguards – has 
the right and responsibility ‘to require the observance of any health and 
safety measure prescribed by the IAEA’ and ‘to send into the territory 
of the recipient State or States inspectors . . . to determine whether 
there is compliance with [such] health and safety measures.’

11.7.4 Main radiation safety requirements for NPPs

Among the international intergovernmental organizations involved in radi-
ation safety, the IAEA is the only one specifi cally authorized under the 
terms of its Statute to establish radiation safety standards. Unsurprisingly 
the fi rst endeavour to establish international radiation protection require-
ments was made at the IAEA, and has become the main international 
radiation safety requirement for all activities involving radiation exposure, 
including NPPs. Over time it has come to be known as ‘basic safety stan-
dards’, or BSS.

The IAEA’s Board of Governors fi rst approved radiation protection and 
safety ‘measures’ in March 1960 (IAEA, 1960, 1976), when it was stated 
that ‘the IAEA’s basic safety standards . . . will be based, to the extent 
possible, on the recommendations of the International Commission on 
Radiological Protection (ICRP).’ The IAEA’s Board of Governors fi rst 
approved basic safety standards in June 1962, and these were published as 
Safety Series No. 9 (IAEA, 1962), a revised version being published in 1967 
(IAEA, 1967). At the beginning of the 1980s a further – comprehensive – 
revision was carried out. This was jointly sponsored by the IAEA and two 
other organizations of the UN family, ILO and WHO, and also by the 
Nuclear Energy Agency of the Organization for Economic Cooperation 
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and Development (OECD/NEA). The resulting text was published by the 
IAEA as the 1982 edition of Safety Series No. 9 (IAEA, 1982). At the end 
of the 1980s, the ICRP revised its standing advice and issued its 1990 recom-
mendations (ICRP, 1991) in the light of which relevant organizations of the 
UN family and other multinational agencies promptly started to review 
their own radiation safety standards. Thus, taking account of the new devel-
opments, the IAEA, FAO, ILO, OECD/NEA, PAHO and WHO established 
a Joint Secretariat for the preparation of new International Basic Safety 
Standards for Protection Against Ionizing Radiation and for the Safety of 
Radiation Sources, which came to be commonly referred to as the Basic 
Safety Standards (or BSS) (IAEA, 1996a; González, 1994, 2001a). At the 
moment of preparation of this book the BSS are freshly revised (IAEA, 
2011) to take account of the new ICRP recommendations (ICRP, 2007a).

For the particular case of NPPs, the BSS are supported by requirements 
on safe siting (IAEA, 2003a), design (IAEA, 2000c) and operation (IAEA, 
2000d), which, mutatis mutandi, include radiation protection requirements. 
They are also sustained by a plethora of safety guides, including those on 
radiation protection aspects of design for nuclear power plants (IAEA, 
2005c), on radiation protection and radioactive waste management in the 
operation of nuclear power plants (IAEA, 2002a) and on dispersion of 
radioactive material in air and water and consideration of population dis-
tribution in site evaluation (IAEA, 2002b).

11.8 Occupational protection at nuclear power 

plants (NPPs)

Occupational radiation protection at NPPs is internationally governed by 
the ILO Convention 115 (ILO, 1960), by the BSS (IAEA, 1996a, 2011) and 
by specifi c guidance on occupational radiation protection (IAEA, 1999a) 
and on assessment of occupational exposure due to intakes of radionuclides 
(IAEA, 1999b) and to external sources (IAEA, 1999c). These are fully 
based on specifi c ICRP recommendations (ICRP, 1997b). A wide interna-
tional consensus exists in this area (IAEA, 2003b) and its international 
regulation (González, 2003b).

In short, the international accord establishes that all those persons 
engaged in work at NPPs are in principle considered occupational exposed 
workers, although the occupational protection standards apply in toto only 
to those performing work in controlled areas. Those organizations that 
employ them should be considered as employers. Both workers and employ-
ers should be subjected to responsibilities established in the occupational 
radiation protection normative.

Employers shall be responsible for protecting the workers and complying 
with any relevant requirements of the occupational radiation protection 
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standards, ensuring in particular that the occupational exposures be limited 
as specifi ed in the relevant requirements and that occupational protection 
and safety be optimized in accordance with the relevant requirements.

Employers should also ensure that decisions regarding measures for 
occupational protection and safety be recorded and made available to the 
workers through their representatives where appropriate. They should 
establish policies, procedures and organizational arrangements for protec-
tion and safety for implementing the relevant requirements, with priority 
given to measures for controlling occupational exposures.

Employers are also responsible for providing the following:

 1. Suitable and adequate facilities, equipment and services for protection 
and safety, the nature and extent of which are commensurate with the 
expected magnitude and likelihood of the occupational exposure

 2. Necessary health surveillance and health services, providing appropri-
ate protective devices and monitoring equipment and arranging for its 
proper use

 3. Suitable and adequate human resources and appropriate training in 
protection and safety, as well as periodic retraining and updating as 
required in order to ensure the necessary level of competence, keeping 
records of the training provided to individual workers

 4. Adequate records of occupational exposure
 5. Consultation and cooperation with workers with respect to protection 

and safety, concerning all measures necessary to achieve the effective 
implementation of requirements

 6. Necessary conditions to promote a safety culture
 7. In consultation with workers, writing rules and procedures as are nec-

essary to ensure adequate levels of protection and safety, including 
values of any relevant dose level that require investigation or specifi c 
authorization and the procedure to be followed in the event that any 
such value is exceeded, and making such rules and procedures and the 
protective measures and safety provisions known to those workers to 
whom they apply

 8. Supervision of any work involving occupational exposure and taking 
all reasonable steps to ensure that the rules, procedures, protective 
measures and safety provisions be observed

 9. For all workers, adequate information on the health risks due to their 
occupational exposure, adequate instruction and training on protec-
tion and safety, and adequate information on the signifi cance for pro-
tection and safety of their actions

 10. For female workers, appropriate information on (i) the risk to the 
embryo or foetus due to exposure of a pregnant worker; (ii) the impor-
tance for a female worker of notifying her employer as soon as she 
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suspects that she is pregnant; and (iii) the risk to an infant ingesting 
radioactive substances by breast feeding.

Employers should ensure that workers exposed to radiation from sources 
that are not directly related to their work receive the same level of protec-
tion as if they were members of the public. They should obtain, as a pre-
condition for engagement of workers, the previous occupational exposure 
history of such workers and other information as may be necessary to 
provide protection and safety.

They should also be transparent with the information. In fact they should 
take such administrative actions as are necessary to ensure that workers 
are informed that protection and safety are integral parts of a general 
occupational health and safety programme in which they have certain obli-
gations and responsibilities for their own protection and the protection of 
others, and in particular record any report received from a worker that 
identifi es circumstances which could affect compliance, and shall take 
appropriate action.

As far as recording is concerned, employers should arrange for the assess-
ment of the occupational exposure of workers, on the basis of individual 
monitoring where appropriate, and ensure that adequate arrangements be 
made with appropriate dosimetry services under an adequate quality assur-
ance programme. They should also arrange for appropriate health surveil-
lance based on the general principles of occupational health and designed 
to assess the initial and continuing fi tness of workers for their intended 
tasks. Finally, they should maintain exposure records for each worker, which 
shall include (1) information on the general nature of the work in the 
response involving occupational exposure; (2) information on doses, expo-
sures and intakes at or above the relevant recording levels and the data 
upon which the dose assessments have been based; (3) when a worker is or 
has been occupationally exposed while in the employ of more than one 
employer, information on the dates of employment with each employer and 
the doses, exposures and intakes in each such employment; and (4) records 
of any doses, exposures or intakes due to other emergency interventions or 
accidents, as well as providing for access by workers to information in their 
own exposure records and for access to the exposure records by the supervi-
sor of the health surveillance programme, facilitating the provision of copies 
of workers’ exposure records to new employers when workers change 
employment, and preserving such records during the worker’s working life 
and afterwards at least until the worker attains or would have attained the 
age of 75 years, and for not less than 30 years after the termination of the 
work involving occupational exposure.

On their side, workers shall be responsible for following any applicable 
rules and procedures for protection and safety specifi ed by the employer 
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and using properly the monitoring devices and the protective equipment 
and clothing provided. They should cooperate with the employer with 
respect to protection and safety and the operation of radiological health 
surveillance and dose assessment programmes and provide to the employer 
such information on their past and current work as is relevant to ensure 
effective and comprehensive protection and safety for themselves and 
others.

Workers should abstain from any wilful action that could put themselves 
or others in situations that contravene the requirements. The should accept 
such information, instruction and training concerning protection and safety 
as will enable them to conduct their work in accordance with the require-
ments of occupational radiation protection standards. Finally, they should 
be reporting to the employer, as soon as feasible, circumstances that could 
adversely affect compliance with the standards, if for any reason a worker 
is able to identify such circumstances.

It is interesting to note that according to the international labour norma-
tive, conditions of service of workers shall be independent of the existence 
or the possibility of occupational exposure. Special compensatory arrange-
ments or preferential treatment with respect to salary or special insurance 
coverage, working hours, length of vacation, additional holidays or retire-
ment benefi ts shall neither be granted nor be used as substitutes for the 
provision of proper protection and safety measures to ensure compliance 
with the requirements of the relevant occupational radiation protection 
standards.

As indicated heretofore, a female worker should, on becoming aware 
that she is pregnant or if she is nursing, notify the employer in order that 
her working conditions may be modifi ed if necessary. The notifi cation of 
pregnancy or nursing shall not be considered a reason to exclude a female 
worker from work; however, the employer of a female worker who has 
notifi ed pregnancy or nursing shall adapt the working conditions in respect 
of occupational exposure so as to ensure that the embryo or fetus, or the 
nursing infant, is afforded the same broad level of protection as required 
for members of the public. Taking account the above requirements and the 
unavoidable uncertainties surrounding accident-response measures, in 
practice it might be unfeasible to occupy female workers in those condi-
tions as emergency responders undertaking life-saving or other urgent 
actions. Under these circumstances, employers shall make every reason-
able effort to provide such potential workers with suitable alternative 
employment.

The general dose limits for occupational exposure have been described 
before. In more detail, the ‘normal’ occupational exposure of any worker 
shall be so controlled that more of the following limits be exceeded:
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• An effective dose of 20 mSv per year averaged over fi ve consecutive 
years

• An effective dose of 50 mSv in any single year
• An equivalent dose to the lens of the eye of 150 mSv in a year
• An equivalent dose to the extremities (hands and feet) or the skin of 

500 mSv in a year. (The equivalent dose limits for the skin apply to the 
average dose over 1 cm2 of the most highly irradiated area of the skin. 
Skin dose also contributes to the effective dose, this contribution being 
the average dose to the entire skin multiplied by the tissue weighting 
factor for the skin)

• In special circumstances, the values for the single-year effective dose 
can be duplicated.

For ‘abnormal’ situations that may occur if an accident happens at an 
NPP, special conditions might be employed for volunteers engaged in recov-
ery operations. For workers undertaking rescue operations that involve 
saving life, no dose restrictions are recommended in principle if, and only 
if, the benefi t to others clearly outweighs the rescuer’s own risk. Otherwise, 
for rescue operations involving the prevention of serious injury or the 
development of catastrophic conditions, every effort should be made to 
avoid deterministic effects on health – by keeping effective doses below 
1000 mSv to avoid serious deterministic health effects, or below 500 mSv 
to avoid other prompt health effects (the latter criterion leaves a margin 
for error in avoiding deterministic effects because of the possible diffi culty 
in determining the exact exposure conditions immediately after an unex-
pected abnormal situation and the possibility that the workers concerned 
may not have the level of training or experience usually required for 
responding to such an unexpected situation). For workers undertaking 
other immediate and urgent rescue actions to prevent injuries or large doses 
to many people, all reasonable efforts should be made to keep doses below 
100 mSv of effective dose.

For emergency actions undertaken by workers engaged in recovery oper-
ations, the doses received should be treated as part of normal occupational 
exposure and the ‘normal’ occupational dose limits apply, namely a limit on 
effective dose of 20 mSv/year, averaged over fi ve years (100 mSv in fi ve 
years), with the further provision that the effective dose should not exceed 
50 mSv in any single year, and annual equivalent dose limits of 150 mSv for 
the lens of the eye, 500 mSv for the skin (average dose over 1 cm2 of the 
most highly irradiated area of the skin), and 500 mSv for the hands and 
feet.

It should be re-emphasized that those rescuers undertaking actions in 
which the dose may exceed 100 mSv of effective dose should be volunteers, 
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and should be well prepared for dealing with the aftermath of a radiation 
emergency, i.e., they should be clearly and comprehensively informed in 
advance of the associated health risk and, to the extent feasible, be trained 
in the actions that may be required, including the use of protective 
measures.

11.9 Public protection at nuclear power plants (NPPs): 

controlling discharges into the environment

The radiation protection of the public at NPPs is governed by the 
undertakings in the Joint Convention and by the requirements in the BSS.

International guidance is available for the regulatory control of radioac-
tive discharges to the environment (IAEA, 2000e) and for the environmen-
tal and NPPs for purposes of radiation protection (IAEA, 2005a).

In short, the public affected by NPP operations is protected by the control 
of discharges of radionuclides to the environment. International standards 
provide regulatory bodies with a structured approach to the limitation of 
such discharges from NPP operations and optimization of protection from 
such operations, which may be adapted to the specifi c legal and regulatory 
infrastructure within which such a body operates. They also give guidance 
on the responsibilities of operating organizations in conducting radioactive 
discharge operations.

Past experience demostrates that operational discharges are low and 
radiation exposure to the public from NPP operations has been minute. 
Figure 11.2 has shown how effective the regulatory instruments for limiting 
discharges from NPPs into the environment have been.

However, there is always the possibility, however remote, that a massive 
release of radioactive materials into the environment occurs as a result of 
a catastrophic accident. This is what happened as a result of the Chernobyl 
accident, a controversial topic that will close this chapter.

11.9.1 The Chernobyl accident

The 1986 accident at the Chernobyl nuclear power plant in the former 
Soviet Union was the most severe such accident in the history of civilian 
nuclear power and due to its perceived radiation consequences has become 
a nemesis for NPPs. However, while the accident undoubtedly was cata-
strophic in nature, and contaminated vast areas of European land, its radi-
ation-related health consequences were fortunately limited, as can be 
observed in the maps of reference (De Cort et al., 1998).

Since the fateful accident occurred, the international community has 
made unprecedented efforts to assess the magnitude and characteristics of 
its radiation-related health effects (IAEA, 1986a, 1988, 1991; González, 
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1990, 1996a, 1996b, 2007; Konstantinov and González, 1989). The results of 
those initiatives were synthesized at an international conference on the 
theme ‘One decade after Chernobyl: summing up the consequences of the 
accident’, which was held in Vienna in 1996 (IAEA, 1996b). Broadly similar 
conclusions were reached by the Chernobyl Forum launched by eight 
organizations of the United Nations system and the three most affected 
States to generate authoritative consensual statements on the environmen-
tal and health consequences attributable to radiation exposure and to 
provide advice on issues such as environmental remediation. The work of 
the Chernobyl Forum was appraised at an international conference on the 
theme ‘Chernobyl: looking back to go forwards; towards a United Nations 
consensus on the effects of the accident and the future’, which was held in 
Vienna in 2005 (IAEA, 2008a). The international consensus has been 
recently reported by UNSCEAR as follows (UNSCEAR, 2009):

 1. A total of 134 plant staff and emergency workers received high doses 
of radiation that resulted in acute radiation syndrome (ARS), many of 
them also incurring skin injuries due to beta irradiation.

 2. The high radiation doses proved fatal for 28 of those people in the fi rst 
few months following the accident.

 3. Although 19 ARS survivors had died by 2006, those deaths had different 
causes that usually were not associated with radiation exposure.

 4. Skin injuries and radiation-related cataracts were among the main 
sequelae of ARS survivors.

 5. Aside from the emergency workers, several hundred thousand people 
were involved in recovery operations but, apart from indications of an 
increase in incidence of leukaemia and of cataracts among those who 
received higher doses, there is to date no consistent evidence of health 
effects that can be attributed to radiation exposure.

 6. A substantial increase in thyroid cancer incidence among persons 
exposed to the accident-related radiation as children or adolescents in 
1986 has been observed in Belarus, Ukraine and four of the more 
affected regions of the Russian Federation. For the period 1991–2005, 
more than 6000 cases were reported, of which a substantial portion 
could be attributed to drinking milk in 1986 contaminated with iodine-
131. Although thyroid cancer incidence continues to increase for this 
group, up to 2005 only 15 cases had proved fatal. Figure 11.8 presents 
the thyroid cancer incidence among people in Belarus who were chil-
dren or adolescents at the time of the Chernobyl accident, for 1986–
1990, 1991–1995, 1996–2000 and 2001–2005 (UNSCEAR, 2009).

 7. Among the general public, to date there has been no consistent 
evidence of any other health effect that can be attributed to radiation 
exposure.
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11.8 Thyroid cancer incidence among people in Belarus who were 
children or adolescents at the time of the Chernobyl accident.

In sum, based on 20 years of studies, UNSCEAR reconfi rmed that, essen-
tially, persons who were exposed as children to radioiodine from the 
Chernobyl accident and the emergency and recovery operation workers 
who received high doses of radiation are at increased risk of radiation-
induced effects. Most area residents were exposed to low-level radiation 
comparable to or a few times higher than the annual natural background 
radiation levels and need not live in fear of serious health consequences.

Notwithstanding the above, it is clear that the Chernobyl accident has 
had and will continue to have an enormous impact on the development of 
nuclear energy and will be a continued prejudice in any assessment of its 
justifi cation [González, 2007].
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12
Emergency planning in nuclear 

power programmes

E. GIL LÓPEZ, IAEA Radiation Safety Regulator, Austria

Abstract: Despite nuclear facilities being designed, constructed and 
operated according to the most stringent safety regulations, accidents, 
human failures, extreme external events or malicious acts can occur that 
require the implementation of adequate emergency actions. Since the 
Chernobyl accident in 1986, many efforts have been devoted to 
improving the nuclear emergency response at national and international 
levels, and emergency planning and preparedness have become a 
signifi cant activity of the safety provisions needed to put in service a 
nuclear power plant. National regulations, usually based on international 
standards, establish the technical requirements for emergency planning 
and allocate responsibilities to plant operators and governmental bodies 
in charge of its implementation. Giving a suitable response to a nuclear 
accident requires effi cient coordination among intervention 
organizations, emergency coordination centres are operated to facilitate 
such coordination, and regular exercises are performed to train 
intervention staff and improve emergency plans and procedures at every 
level.

Key words: emergency plans, emergency response, coordination centres, 
intervention organizations, international standards and 
recommendations.

12.1 Introduction

Nuclear and radiological emergencies can occur in a wide range of facilities, 
including fi xed and mobile nuclear reactors; facilities for the mining and 
processing of radioactive ores; facilities for fuel reprocessing and other fuel 
cycle facilities; facilities for the management of radioactive waste; the trans-

This chapter is the copyright of the International Atomic Energy Agency (IAEA) 
and is reproduced by the Publisher with the IAEA’s permission. Any further use or 
reproduction of the chapter, in whole or in part, requires the permission of the 
IAEA. The chapter has been written by a staff member of the IAEA in his/her 
personal capacity and not on behalf of the IAEA or the Director General of the 
IAEA. The views expressed in the chapter are not necessarily those of the IAEA 
and that the IAEA disclaims all liability in connection with the chapter and any use 
made thereof.
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port of radioactive material; sources of radiation used in industrial, agricul-
tural, medical, research and teaching applications; facilities using radiation 
or radioactive material; and satellites and radio-thermal generators using 
radiation sources or reactors. The common characteristic of nuclear and 
radiological emergencies is that both involve hazards associated with ion-
izing radiation. In coherence with the rest of this book, this chapter is 
specifi cally aimed at emergency planning at nuclear power plants.

Nuclear facilities contain large amounts of nuclear material that can 
generate radioactive material by a chain reaction or by activation of stable 
nuclides that have been exposed to high neutron fl ux. Nuclear reactors can 
accumulate a large amount of radioactive materials, depending on their 
thermal power, the fuel burn-up and the time elapsed since the last shut-
down. Multiple barriers contain these radioactive materials and prevent 
their radiation from damaging facility workers and the environment. Some 
critical components of a nuclear facility, such as the reactor core, need per-
manent cooling because radioactive decay of fi ssion products generates a 
large amount of energy that could damage them if it is not extracted effi -
ciently. An accident or an intentional action could disable the reactivity 
control systems, the cooling systems or the barriers containing radioactive 
materials. In this case, large amounts of these materials could escape to the 
environment. The energy accumulated within the facility can contribute to 
the spreading of radioactive materials into the environment over a wide 
area.

The fundamental safety objective in the use of nuclear and radiation 
techniques is to protect people and the environment from harmful effects 
of ionizing radiation. This objective has to be achieved without unduly limit-
ing the operation of facilities or the conduct of activities that give rise to 
radiation risks. To reach this objective all reasonable efforts must be made 
to prevent nuclear or radiation accidents and mitigate their consequences.

The most harmful consequences arising from nuclear facilities and activi-
ties have come from loss of control over the nuclear reactor core, nuclear 
chain reaction or radioactive source. Consequently, in order to ensure that 
the likelihood of an accident having harmful consequences is extremely low, 
measures have to be taken:

• To prevent the occurrence of abnormal conditions, including breaches 
of security, that could lead to such a loss of control

• To prevent the escalation of any such failures or abnormal conditions 
that do occur

• To prevent the loss of control over radioactive sources.

Taking measures towards achieving these goals by undertaking interven-
tions, which are defi ned as any action intended to reduce or avert exposure 
or the likelihood of exposure to sources which are not part of a controlled 
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practice or which are out of control as a consequence of an accident, is 
governed at all times by the principles of justifi cation and optimization 
recommended by the International Commission on Radiological Protection, 
ICRP (ICRP, 1991, 1993). According to the ICRP, any proposed interven-
tion that does more good than harm is justifi ed, and the form, scale and 
duration of any intervention shall be optimized so that the net benefi t is 
maximized.

Every nuclear facility is designed to prevent any accident that can occur 
according to the applicable regulation. Two approaches are commonly used 
to demonstrate the compliance with regulation: the deterministic approach 
is used to demonstrate that the design is enough to prevent all regulated 
design-basis accidents and mitigate their consequences if they were to 
occur; the probabilistic methodology is used to verify that the accidents 
behind the design basis, that is the so-called severe accidents, should have 
a very low probability of occurrence and their consequences should be 
mitigated by dedicated design features. In addition, every nuclear facility 
has an emergency plan to be activated in case of an accident or malicious 
act to prevent severe damage to the facility and uncontrolled release of 
radioactive material, which could produce direct or delayed health effects 
on facility workers and the population that could be affected by radioactive 
material released.

12.2 Need for emergency planning as the last barrier 

of defence and mitigation of the radiological 

consequences of potential accidents

The primary means of preventing and mitigating the consequences of acci-
dents is the ‘defence in depth’ concept (IAEA, 1996a). Defence in depth is 
implemented primarily through the combination of a number of consecu-
tive and independent levels of protection that would have to fail before 
harmful effects could be caused to people and to the environment. Defence 
in depth is provided by an appropriate combination of an effective manage-
ment system with a strong management commitment to safety and a strong 
safety culture; adequate site selection and the incorporation of good design 
and engineering features providing safety margins, diversity and redun-
dancy; and comprehensive operational procedures and practices as well as 
accident management procedures.

Accordingly to the defence in depth concept, the design, construction and 
operation of nuclear facilities are conducted under the most stringent 
quality controls to comply with safety principles, including the development 
of the necessary provisions to deal with emergency situations in all modes 
of operation. The owner and the national authorities in charge of nuclear 
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safety perform independent verifi cation programmes to ensure strict com-
pliance with safety and quality requirements.

Despite the fact that the nuclear facilities and their safety systems are 
designed, installed, tested, operated and verifi ed in accordance with the 
strictest safety and quality standards, the possibility of an accident, a human 
error or an intentional action that can seriously damage the facility cannot 
be excluded, although its probability can be considered as extremely low. 
In very unlikely circumstances, these situations could cause simultaneous 
failure of operating and safety systems, which could produce radiation 
exposure of facility workers or uncontrolled discharge of radioactive mate-
rial to the environment. Furthermore, in very extreme circumstances, some 
external phenomena, e.g. earthquake, tsunami or sabotage, could severely 
damage the plant, its external and internal supplies of electric power or 
cooling water in such a way that the operator is unable to control the safety 
systems. This is the situation that occurred in the Fukushima nuclear power 
plant on 11 March 2011 as a consequence of a big earthquake and a tsunami 
that partially destroyed the facility.

Both circumstances could result in damage to the health of individuals 
living or working near the facility as well as to their property and to the 
environment.

12.2.1 Emergency provisions

To mitigate potential damage that could arise from unwanted situations, 
every nuclear facility incorporates in its organization a number of emer-
gency provisions, which are laid down on the assumption that the safety 
systems are not suffi cient to control such extraordinary situations. Strictly 
speaking, the emergency arrangements are not part of the design of the 
facility, although they provide an additional guarantee of protection from 
the risk associated with nuclear facilities.

These arrangements should be set out in a specifi c emergency plan that 
refl ects the likelihood and the possible consequences of nuclear accidents, 
the characteristics of the radiation risks and the nature and location of the 
facilities. These emergency plans are designed and prepared to ensure that 
arrangements are in place for a timely, managed, controlled, coordinated 
and effective response at the scene, and at the local, regional, national and 
international level, to any nuclear or radiological emergency. The emer-
gency plans are usually structured in two levels: on-site emergency plans 
and off-site emergency plans.

The on-site emergency plans are direct targets to lead the facility that has 
suffered an accident to safe conditions as soon as possible, to minimize 
potential consequences of the accident on the staff and the installation, and 
to reduce the release of radioactive material to the environment. The on-site 
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emergency plan is a primary responsibility of the plant operator and is a 
part of the safety documentation needed for obtaining the operating licence 
of every facility. The plant operator is also responsible for maintaining 
on-site emergency plans in an operational state by checking their effective-
ness before the facility becomes operational and whilst the facility is in 
operation by performing suitable emergency exercises.

The off-site emergency plans are aimed at the preparation and, where 
appropriate, implementation of the emergency measures necessary to 
protect the population living around a nuclear facility against any damage 
caused by any accident occurring at the facility. The public authorities are 
responsible for designing and implementing the off-site emergency plans as 
a part of the national response plans established for protecting the popula-
tion from any unwanted situation that could damage their health, their 
property or the environment. Off-site plans have to be established before 
every facility becomes operational and their effectiveness should be checked 
during the pre-operation testing period and periodically whilst the facility 
is in operation. Off-site emergency plans include suitable international 
interfaces when trans-boundary consequences of accidents that could occur 
in a facility are possible.

12.2.2 Emergency planning zones

Arrangements for emergency plans are carried out in several emergency 
planning zones that are roughly circular around the facility. The on-site 
emergency zone is the area surrounding the facility within the security 
perimeter. It is the area under the immediate control of the facility or opera-
tor. The off-site emergency zone is the area beyond that under the control 
of the facility operator in which intervention could be needed for emergen-
cies resulting in major off-site releases or exposures. The level of planning 
will vary depending on the distance from the facility.

The off-site emergency zone is usually divided in two subzones. The 
precautionary action zone is a pre-designated area around the facility 
where urgent protective action has been pre-planned and will be imple-
mented immediately upon declaration of a general emergency, to substan-
tially reduce the risk of severe deterministic health effects by taking 
protective action within this zone before or shortly after a release. The 
urgent protective action planning zone is a pre-designated area around the 
facility where preparations are made to promptly implement urgent pro-
tective action based on environmental monitoring data and assessment of 
facility conditions, the goal being to avert doses specifi ed in international 
standards.

Figure 12.1 shows a conceptual distribution of the emergency planning 
zones around a nuclear power plant.
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12.1 Emergency planning zones.

12.2.3 Classes of emergency and implementation 
of emergency plans

According to the IAEA recommendations, the nuclear emergency plans 
usually consider several classes of emergency, which depend on the expected 
consequences of the accident scenario considered for planning:

• General emergencies involve an actual or substantial risk of release of 
radioactive material or radiation exposure that warrants taking urgent 
protective action off the site. Upon declaration of this class of emer-
gency, action shall be promptly taken to mitigate the consequences of 
the event and to protect people within on-site and off-site zones.

• Site area emergencies involve a major decrease in the level of protection 
for those on the site and near the facility. Upon declaration of this class 
of emergency, action shall be promptly taken to mitigate the conse-
quences of the event, to protect people on the site and to make prepara-
tions to take protective action off the site if this becomes necessary.

• Facility emergencies involve a major decrease in the level of protection 
for people on the site. Upon declaration of this class of emergency, 
action shall be promptly taken to mitigate the consequences of the event 
and to protect people on the site. Emergencies in this class can never 
give rise to an off-site area or general emergency.

• Alerts involve an uncertain or signifi cant decrease in the level of protec-
tion for the public or for people on the site. Upon declaration of this 
class of emergency, action shall be promptly taken to assess and mitigate 
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the consequences of the event and to increase the readiness of the 
on-site and off-site response organizations as appropriate. Alerts include 
events that could evolve into facility, site area or general emergencies.

Design and implementation of the emergency plans are carried out in 
three phases:

• The planning phase consists of a detailed analysis of the situation that 
can occur at the facility. The result of this analysis is used to defi ne the 
characteristics of appropriate emergency measures, to mitigate the con-
sequences of every credible event. The results of the analysis are used 
to establish the emergency plan that accurately describes the organiza-
tion in charge of implementing countermeasures; emergency actions to 
be taken in each case; a clear allocation of responsibilities of every 
individual participating in the implementation of emergency measures; 
intervention criteria; decision-making procedures for countermeasures 
implementation; defi nition of planning areas; and the means and 
resources needed for intervention.

• The preparedness phase consists of the identifi cation, acquisition and 
putting into optimum use conditions of means and resources to inter-
vene in case of emergency. Preparation includes also training of inter-
vention personnel and maintenance of the technical, human and 
organizational means and resources, as well as the verifi cation that all 
of them are permanently in a position to be activated. A crucial element 
during the preparedness phase is conducting partial or full-scale exer-
cises for training the intervention personnel and verifying the appropri-
ateness of emergency plans.

• The response phase consists of the activation of the emergency organiza-
tion, as soon as possible, to cope with a real or simulated accident, 
through the implementation of countermeasures foreseen in the emer-
gency plans with the available means and resources. The response phase 
starts with the decision of activating the plan after an accident occurs. 
This decision is taken by the operator in the case of on-site emergency 
plans and by the relevant authority in the case of off-site emergency 
plans. The response phase includes implementation of urgent mitigation 
and protective emergency measures, and undertaking appropriate reme-
dial actions in the medium and long terms until bringing the situation 
to a safe condition. The response fi nishes when the normal situation has 
been recovered as far as possible.

Operators and public authorities responsible for the implementation of 
the nuclear emergency plans periodically conduct a review in order to 
ensure that situations that could necessitate an emergency intervention are 
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identifi ed, and to ensure that an assessment of the threat is conducted for 
such practices or situations. This review is undertaken periodically to take 
into account any changes to the threats within the State and beyond its 
borders, and to learn from experience and lessons from research, operating 
experience and emergency exercises.

12.3 International conventions and standards 

on emergency planning

In most countries, the nuclear emergency plans are governed by specifi c 
regulations that establish the national regimen of civil protection and radia-
tion safety. These regulations allocate responsibilities to different actors 
taking part in the emergency management, set up requirements for emer-
gency preparedness and response, and establish criteria for intervention in 
case of emergency.

The national civil protection legislation, which is mainly addressed to the 
off-site emergency plans, usually establishes the basis for planning, empha-
sizing the right of citizens to their own protection and their obligations in 
the event of emergency, as well as allocating the responsibilities of all 
organizations participating in the preparedness and response to nuclear 
emergencies. Civil protection legislation is strongly conditioned by national 
political and administrative structures since it sets up rights and obligations 
for citizens and public and private organizations, as well as the basic respon-
sibilities and procedures to take decisions.

The national regulations on radiation safety are usually based on the 
standards and recommendations issued at international level for the safe 
and secure use of nuclear energy and its applications. Emergency prepared-
ness and response have been taken into consideration by international 
standards and recommendations on radiation safety and nuclear liability, 
since the very beginning of the use of nuclear power for peaceful purposes. 
But it was in the late 1980s, as a result of the lessons learned from the 
Chernobyl accident, when this subject was treated by the international com-
munity as a common concern at the highest level of internationally legally 
binding instruments. It is too early to conclude lessons learnt from the 
Fukushima event, but there is no doubt that this accident will be the starting 
point to review some safety criteria related to facility siting and to recon-
sider some hypotheses usually accepted for on-site emergency plans. It is 
also probable that off-site emergency plans are revised to take into account 
the special diffi culties that are expected to implement countermeasures 
when a big nuclear accident occurs simultaneously with a natural or anthro-
pogenic disaster.
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12.3.1 International conventions

The Convention on Early Notifi cation of a Nuclear Accident and the 
Convention on Assistance in the Case of a Nuclear Accident or Radiological 
Emergency (IAEA, 1986) were adopted in 1986, as the most relevant legally 
binding instruments to establish a common framework of cooperation at 
international level on preparedness and response to nuclear and radiologi-
cal emergencies. In parallel, some international and regional organizations, 
having responsibility for the use of nuclear energy, intensifi ed their efforts 
for developing specifi c standards and recommendations to help their 
member states in improving and harmonizing national practices and regula-
tions. Relevant examples of these initiatives are the publication of recom-
mendations on interventions in the case of nuclear or radiological accidents 
by the ICRP; the regulation of trans-boundary movement of foodstuffs 
after a nuclear accident issued by the European Union (EU, 1987b) and the 
research projects on nuclear emergency promoted by the European Union 
Research Framework Programmes; the creation of the Working Party on 
Nuclear Emergency Matters by the OECD Nuclear Energy Agency; and 
the impulse given by the International Atomic Energy Agency, IAEA, to 
the international standards and recommendations on nuclear emergency 
matters.

The Convention on Early Notifi cation of a Nuclear Accident applies in 
the event of any accident involving nuclear facilities or activities of a state 
party, or of persons or legal entities under its jurisdiction or control, in which 
a release of radioactive material has occurred that could be of radiological 
safety signifi cance for another state. The state parties of this Convention 
are committed to forthwith notifying, directly or through the IAEA, those 
states which are or may be physically affected by a nuclear accident occur-
ring in their territory. Every state party to this Convention is also committed 
to notifying the nature, the time and the exact location of the accident, as 
well as to providing, as soon as possible, available information to minimize 
the trans-boundary radiological consequences of the accident.

The state parties to the Convention on Assistance in the Case of a 
Nuclear Accident or Radiological Emergency are committed to cooperat-
ing between them and with the IAEA, to facilitate prompt assistance in the 
event of a nuclear accident or radiological emergency to minimize its con-
sequences and to protect life, property and the environment from the effects 
of radioactive releases. According to this Convention, to facilitate such 
cooperation, state parties may agree on bilateral or multilateral arrange-
ments for preventing or minimizing injury and damage which may result in 
the event of a nuclear accident or radiological emergency. The state parties 
can request the IAEA to use its best endeavours to promote, facilitate and 
support the cooperation between state parties.
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12.3.2 The IAEA standards on emergency planning

Under the Convention on Assistance in the Case of a Nuclear Accident or 
Radiological Emergency, the IAEA has the function of collecting and dis-
seminating to state parties and member states information concerning 
methodologies, techniques and available results of research relating to 
response to such emergencies. One of the actions undertaken by the IAEA 
to fulfi lling its functions has been issuing several safety standards and rec-
ommendations on preparedness and response to nuclear and radiological 
emergencies, as a signifi cant part of its Safety Standards Series.

The Safety Standards Series are issued by the IAEA, hereafter the 
Agency, in compliance with the terms of Article III of its Statute. This statu-
tory provision authorizes the Agency, in cooperation with other relevant 
international organizations, to establish standards of safety for protection 
against ionizing radiation and to provide for the application of these stand-
ards to peaceful nuclear activities. The Safety Standards Series is composed 
of all regulatory related publications issued by the Agency, which covers 
nuclear safety, radiation safety, transport safety and waste safety, and also 
general safety that is of relevance in two or more of the four areas. These 
standards are not legally binding on Member States but may be adopted 
by them, at their own discretion, for use in national regulations in respect 
of their own activities. However, they are binding on the Agency in relation 
to its own operations and on states in relation to operations assisted by the 
Agency.

The Safety Standards Series is a set of publications structured in three 
levels:

• Safety Fundamentals set up basic objectives, concepts and principles of 
safety and protection in the development and application of nuclear 
energy for peaceful purposes.

• Safety Requirements establish the requirements that must be met to 
ensure safety. These requirements, which are expressed as ‘shall’ state-
ments, are governed by the objectives and principles presented in the 
Safety Fundamentals.

• Safety Guides recommend actions, conditions or procedures for meeting 
safety requirements. Recommendations in Safety Guides are expressed 
as ‘should’ statements, with the implication that it is necessary to take 
the measures recommended or equivalent alternative measures to 
comply with the requirements.

Many publications in the Safety Standards Series include rules and rec-
ommendations applicable to the nuclear emergency preparedness and 
response. The most recent restructuring of the series, dated 2006, considers 
nuclear and radiological emergencies as a general safety topic that has to 
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be taken into account in every nuclear radiation facility or activity and it is 
treated at all level of the safety documents.

Principle 9 of the Fundamental Safety Principles is the basis for the 
standards and recommendations on nuclear emergency matters in the 
Safety Standards Series. Principle 9 is titled: ‘Arrangements must be made 
for emergency preparedness and response for nuclear or radiation inci-
dents’ (IAEA, 2006, p. 14). According to this safety principle (IAEA, 2006, 
paragraph 3.34) the primarily goals of preparedness and response for a 
nuclear emergency are:

• ‘To ensure that arrangements are in place for an effective response at 
the scene and, as appropriate, at the local, regional, national and inter-
national levels, to a nuclear or radiation emergency;

• To ensure that, for reasonably foreseeable incidents, radiation risks 
would be minor;

• For any incidents that do occur, to take practical measures to mitigate 
any consequences for human life and health and the environment.’

The scope and extent of arrangements for emergency preparedness and 
response have to refl ect the likelihood and the possible consequences of a 
nuclear or radiation emergency, the characteristics of the radiation risks, 
and the nature and location of the facilities and activities.

The recommendations of the ICRP on nuclear and radiation emergency 
matters (ICRP, 1991) are the main basis of the Agency radiation safety 
standards, and its principles and recommendations are endorsed by the 
Agency in the document International Basic Safety Standards for Protection 
against Ionizing Radiation and for the Safety of Radiation Sources (IAEA, 
1996b) that is undergoing a deep revision, now in an advanced stage of 
development, which will be issued as a Generic Safety Requirement (GRS 
Part 3). The Basic Safety Standards are also based on assessments of the 
biological effects of irradiation made by the United Nations Scientifi c 
Committee on the Effects of Atomic Radiation, UNSCEAR, and on the 
recommendations of the Agency’s International Nuclear Safety Group, 
INSAG.

The Basic Safety Standards were co-sponsored by the Food and 
Agriculture Organization of the United Nations, FAO, the International 
Labour Organization, ILO, the Nuclear Energy Agency, NEA, the Pan-
American Health Organization, PAHO, and the World Health Organization, 
WHO, and represent an international consensus on qualitative and quanti-
tative requirements for protection and safety for planned practices such as 
nuclear power generation and also for intervention in existing situations 
such as exposure following an accident. It is the most relevant international 
reference to establish national and regional regulation on radiological pro-
tection on, among other relevant topics, occupational radiation protection, 
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protection of the public and the environment from exposure to radioactive 
materials released to the environment, prevention of incidents giving rise 
to potential exposures, and intervention in a radiological emergency.

The Basic Safety Standards set out the basic requirements for nuclear 
and radiological emergency management, providing radiological criteria 
applicable to emergency response. They are established under the belief 
that, in most cases after a nuclear or radiological accident, emergency 
actions are needed if dose rates generated by the accident or the doses that 
can be prevented by applying emergency measures can lead to signifi cant 
radiation injury. The Basic Safety Standards also provide guidelines for the 
implementation of the optimization principle to the measures to be applied 
in an emergency.

According to the Basic Safety Standards, the protective actions imple-
mented to respond to an emergency situation should be oriented to protect 
individuals potentially affected by the accident, which includes the emer-
gency workers and members of the public. Implementation of protective 
actions should be based on intervention levels expressed in terms of doses 
that can be avoided with the intervention, considering different exposure 
pathways, including direct irradiation by radiation emission coming from 
radioactive contamination of air, soil or water. The decision to implement 
any countermeasure should be based on the circumstances that actually 
exist when an emergency happens and, if possible, be taken in anticipation 
of a possible radioactive release better than when the issue has been con-
fi rmed. The main protective actions recommended to protect individuals 
are sheltering and evacuation or prophylaxis with stable iodine to prevent 
internal contamination with radioactive iodine, of people potentially 
affected by an accidental release. In some special cases, decontamination of 
individuals and goods could be recommended to reduce the dose and 
spread of contamination to non-affected areas.

The Basic Safety Standards also give recommendations to prevent 
chronic exposure by controlling the use of contaminated land and facilities 
and the consumption of contaminated food and water. Reference levels 
set up by the FAO-WHO Codex Alimentarius Commission (FAO-WHO, 
1991) are recommended to adopt such decisions. In some cases, these 
countermeasures should be implemented after a careful optimization 
process taking into account the averted dose and the social and economic 
consequences of implementing such measures. In this regard, reasonable 
steps have to be taken to assess exposure incurred by members of the 
public as a consequence of a nuclear accident, and the results of this 
assessment should be made public and periodically updated to optimize 
the implementation of protective measures, until conditions allow the 
implementation of protective actions according to intervention levels to 
be discontinued.
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In 2002, the Agency issued a Safety Requirements document (IAEA, 
2002) specifi cally applicable to preparedness and response for a nuclear or 
radiological emergency, which incorporates and establishes requirements 
so that emergency management can be seen in its entirety by the bodies 
concerned. This document was co-sponsored by the above-mentioned inter-
national organizations and the United Nations Offi ce for the Co-ordination 
of Humanitarian Affairs, which were concerned with the harmful potential 
consequences of nuclear accidents, as a result of the large impact of the 
Chernobyl accident.

These Safety Requirements compile, organize and augment all the 
requirements relating to emergency management established in other pub-
lications of the Agency. The Safety Requirements are applicable to all those 
nuclear and radiation practices and sources that have the potential for 
causing radiation exposure or environmental radioactive contamination 
warranting an emergency intervention, particularly to facilities hosting 
nuclear reactors and other nuclear fuel cycle facilities.

The Safety Requirements establish requirements for an adequate level 
of preparedness and response for a nuclear or radiological emergency in 
any State. Their implementation is intended to minimize the consequences 
for people, property and the environment of any nuclear or radiological 
emergency. The fulfi lment of these requirements also contributes to the 
harmonization of arrangements in the event of a transnational emergency. 
These requirements are intended to be applied by authorities at the national 
level by means of adopting legislation, establishing regulations and assign-
ing responsibilities, and also apply to the off-site jurisdictions that may need 
to make an emergency intervention in a State.

The Agency also provides recommendations for the implementation of 
these Safety Requirements in a Safety Guide (IAEA, 2007), which is 
intended to assist Member States in the application of the Safety 
Requirements on Preparedness and Response for a Nuclear or Radiological 
Emergency, and to help in fulfi lling the Agency obligations under the 
Assistance Convention. The Safety Guide provides basic concepts that must 
be understood to apply the guidance and to meet the requirements, dis-
cusses the concept of operations, and describes in general terms how the 
response should proceed for different types of emergency.

These standards and recommendations are complemented with a series 
of technical documents, called Emergency Preparedness and Response, 
oriented to assist Member States in the development of their own capacities 
to respond to nuclear and radiological emergencies (IAEA, 2003a). This 
series provides recommendations to establish suitable methods for, among 
other relevant topics, developing arrangements for response to a nuclear 
accident; organization and training of fi rst responders to a nuclear emer-
gency; preparing, conducting and evaluating emergency exercises; providing 
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medical assistance in case of nuclear and radiation accidents; using radio-
metric instrumentation for the response to nuclear and radiation emergen-
cies; and developing and implementing adequate procedures for prompt 
notifi cation and mutual assistance.

12.4 Responsible organizations

In the event of a nuclear emergency the time available for decision making 
and for implementing an effective strategy for response may be short. It is 
therefore important that an appropriate management system be used. All 
organizations that may be involved in the response to a nuclear or radio-
logical emergency shall ensure that appropriate management arrangements 
are adopted to meet the timescales for response throughout the emergency. 
Where appropriate, the management system shall be consistent with that 
used by other response organizations in order to ensure a timely, effective 
and coordinated response.

Although its probability is extremely low, the possibility that a large-scale 
nuclear accident has adverse health, social, economic, political and transna-
tional consequences implies that national authorities have a key role in the 
development and implementation of nuclear emergency plans. Jurisdictions 
of the various orders and levels of government may be laid out in substan-
tially different ways between States. Likewise, the authorities of the various 
organizations that could be involved in emergency response may be allo-
cated in substantially different ways. A generic approach to describe the 
allocation of responsibilities at national level can be gotten from interna-
tional recommendations. The national legislation allocates clearly the 
responsibilities establishing or identifying an existing governmental body 
or organization to act as a national coordinating authority. This authority is 
in charge of ensuring that responsibilities of operators and response organi-
zations are clearly assigned and are understood by all response organiza-
tions, and that arrangements are in place for achieving and enforcing 
compliance with the requirements.

The plant operator, the employer, the regulatory body and appropriate 
branches of government are responsible for establishing arrangements for 
preparedness and response for a nuclear or radiation emergency at the 
scene, at local, regional and national levels and, where so agreed between 
States, at the international level. In practice, all levels of national, regional 
and local public authorities have some responsibility in preparedness and 
response to nuclear emergencies. Responsibilities assumed by each author-
ity depend on national political and administrative organization. 
Notwithstanding, sharing of responsibility is usually established according 
to a common pattern.
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12.4.1 Responsibilities of the licensee

Primary responsibility in responding to a nuclear emergency falls on the 
operator and deals with implementation of provisions of on-site emergency 
plans under the oversight of the regulatory authority, as part of the require-
ments established in the nuclear safety regulations. In discharging this 
responsibility, the operator has the following functions:

• Designing, building and operating nuclear plant in such a way that the 
probability of a breakdown, an accident or a malicious act that could 
trigger an emergency is minimized

• Developing on-site emergency plans appropriate for its facility and site, 
providing them with the necessary resources, and keeping them fully 
operational

• Providing to its staff special training on crisis management and opera-
tion of the plant under emergency conditions

• Conducting periodic emergency exercises and drills to train its staff and 
to check the full operability of its on-site emergency plan

• Having suitable procedures and resources to bring the plant to safe 
conditions in the shortest time possible, and to implement them as soon 
as possible to minimize the health risks to its own staff and the uncon-
trolled release of radioactive material abroad, in case of an emergency 
situation

• Cooperating with authorities in the preparation of emergency response 
by providing the means, resources and information necessary to draw 
up plans for protecting the population

• Notifying urgently to authorities in charge of protecting the population, 
the occurrence of any situation that requires the activation of contin-
gency plans designed to protect people and keep them informed of 
developments, providing all available information that can be useful to 
take decisions and optimizing the use of the resources available to 
emergency plans. In many countries, licensees are responsible for taking 
fi rst-response decisions until public authorities have been activated and 
are ready to assume the direction of the emergency response.

12.4.2 Responsibilities of the national authorities

National authorities assume overall responsibility for implementing ade-
quate nuclear emergency plans to protect people, the economy and the 
environment from radiation hazard in case of nuclear accidents. In this 
regard, they are responsible for adopting social, political, economic and 
technical measures dealing with major nuclear emergencies. In discharging 
these responsibilities, national authorities usually assume the following 
basic and strategic functions:
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• Issuing appropriate legislation and regulations for nuclear emergency 
planning, preparedness and response

• Approving nuclear emergency plans ensuring clear allocation of respon-
sibilities among organizations involved and establishing appropriate 
procedures for making decisions and their implementation, consistent 
with other national emergency response plans

• Providing funds, means and resources necessary to ensure effective 
implementation of nuclear emergency plans; provisions have to include 
extraordinary resources to respond to large-scale nuclear emergencies 
derived from extreme severity accidents, including adequate facilities 
for medical treatment of large numbers of victims

• Establishing training strategies and programmes applicable to all levels 
of responsibility within the organizations that have been assigned a role 
in nuclear emergency plans

• Activating nuclear emergency plans as necessary, as well as directing the 
response operations until people and areas affected by the accident have 
recovered normal conditions as far as possible

• Adopting necessary measures to limit long-term radiological conse-
quences resulting from contamination caused by nuclear accidents, such 
as control of trade and consumption of contaminated products; limita-
tion of the use of land, water, areas, facilities and property affected by 
a nuclear accident; and implementation of hard countermeasures to 
revert to normal conditions

• Coordination of all activities related to public information concerning 
the preparation of emergency plans and response in case of emergency, 
paying special attention to putting into practice specifi c information 
programmes to ensure that people who could be affected by a nuclear 
emergency are aware of their potential risk and know how to behave in 
an emergency

• Establishing adequate mechanisms to ensure monetary compensation 
derived from civil liability of parties involved in the origin and following 
up of a nuclear emergency

• Establishing adequate arrangements for prompt notifi cation to interna-
tional organizations and the authorities of other countries potentially 
affected by a nuclear accident occurring in its own territory, as well as 
for providing or receiving assistance in nuclear emergencies.

12.4.3 Responsibilities of the regulatory body

The main responsibility of the regulatory body regarding emergency plan-
ning and preparedness is to ensure that emergency arrangements are inte-
grated with those of other response organizations as appropriate before 
the commencement of operation. The regulatory body ensures that such 
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emergency arrangements provide a reasonable assurance of an effective 
response, in compliance with safety requirements, in the case of a nuclear 
or radiological emergency. In discharging this responsibility, the regulatory 
body assumes the following regulatory functions:

• Establishing radiological criteria for emergency planning, which include, 
among others, defi nition of intervention zones according to dose rate or 
surface contamination levels, adequate countermeasures to protect per-
sonnel, the public and the environment, and quantitative reference 
levels to undertake countermeasures

• Issuing regulation and acceptance criteria for on-site emergency plans, 
and giving guidance to licensees to develop and implement on-site 
emergency plans

• Evaluating and approving on-site emergency plans drawn up by the 
owners as part of the safety documentation required for applying for 
the authorization of each facility

• Verifying that on-site emergency plans are established according to the 
applicable regulation, by auditing and inspecting them, and supervising 
the conduct of pre-operational and periodic emergency exercises

• Requiring modifi cation of emergency plans if it considers that they are 
inadequate for the facility and site characteristics, the state-of-the-art 
recommends improving them, or when a new regulation has entered in 
force

• Advising, supervising and, when needed, requiring implementation of 
emergency countermeasures to ensure that the exposure of intervention 
personnel and other affected persons is kept as low as possible and to 
ensure that actions undertaken to return to normality are carried out in 
accordance with radiation safety regulations

• Advising national authorities to fulfi l their international commitments 
arising from multilateral or bilateral agreements signed by the State in 
the fi eld of nuclear emergency.

12.4.4 Responsibilities of regional and local authorities

The preparedness for nuclear emergency requires many arrangements in 
emergency intervention zones established in the surroundings of nuclear 
facilities according to regulatory criteria. Regional and local authorities 
play an important role in the implementation of such arrangements, since 
they have a detailed knowledge of the geographical, economic and social 
conditions of these zones. The responsibilities and functions of regional and 
local authorities are usually targeted to address logistic and operational 
issues of the nuclear emergency plans. In discharging these responsibilities, 
regional and local authorities usually assume the following logistic and 
operational functions:
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• Establishing local action plans and procedures to ensure that emergency 
countermeasures can be implemented in such a way that every poten-
tially affected person will be adequately protected in case of 
emergency

• Providing adequate facilities to implement emergency countermeasures, 
including adequate centres to concentrate, monitor, decontaminate and 
take social care of victims, including relocation if needed

• Providing medical facilities and resources adequately equipped for 
fi rst aid involving medical care of victims potentially irradiated or 
contaminated

• Providing adequate facilities to store emergency equipment in suitable 
conditions to be used in case of emergency

• Establishing and implementing training programmes for intervention 
personnel, and promoting their participation at all levels of 
responsibility

• Preparing, conducting and evaluating periodic drills and exercises orga-
nized to train responders and verify plan effectiveness

• Develop and put in practice adequate public information programmes 
aimed at teaching people how to protect themselves in case of emer-
gency, and effi ciently transmit information needed to manage the emer-
gency in the most effi cient way.

12.4.5 Responsibilities of specialized organizations

A nuclear emergency could lead to very complex situations that require the 
intervention of a number of specialized organizations to implement ade-
quate countermeasures.

• Fire and rescue brigades, which are responsible for providing help to 
make the plant safe and to assist the victims most severely affected by 
conditions derived from and during the emergency.

• Police organizations, which are responsible for maintaining order if 
controlling access to the affected areas or evacuation of affected people 
is needed.

• Medical services, which are responsible for providing medical assistance 
to victims affected by radiation, contamination or as a consequence of 
the implementation of countermeasures. Medical services are also 
responsible for providing specifi c health care by using prophylaxis with 
stable iodine, which could be a very effective countermeasure to prevent 
radiation injuries produced by inhalation of radioiodine that is released 
in case of severe damage to a nuclear reactor, because of its volatility.

• Social services, which are responsible for providing assistance to victims 
and providing them with adequate fi rst-aid and relocation settlements 
when necessary. Psychological care of victims of a nuclear accident could 
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also be an important task of social services because the population is 
not familiar with radiation risk and this can produce anxiety in some 
cases.

The radioactive material released in the case of a large nuclear emer-
gency comprises mainly gases or aerosols. Liquid releases are easily isolated 
and it is unlikely that a huge amount of radioactive materials would escape 
in liquid form. In some cases, gaseous releases could be impelled by the 
large amount of energy accumulated or produced in the nuclear facility, 
particularly if the facility is a nuclear reactor. This energy can contribute to 
spreading the releases into high levels of the atmosphere and reaching long 
distances. In these circumstances the information provided by meteorologi-
cal services is crucial in predicting the scope of the contamination and the 
areas that can be affected as a consequence of the emergency.

In addition, the response to very large nuclear emergencies affecting 
large geographical areas could require also the participation of many dif-
ferent organizations specialized in topics such as facilities decontamination, 
radiation environmental surveillance, radio-epidemiology and radio-ecol-
ogy. Usually these organizations are national institutions which have many 
international interfaces with homologous organizations from other coun-
tries or international organizations. The experience gained from the long-
term response given to the Chernobyl accident shows that this kind of 
international cooperation is a proper way to share knowledge and optimize 
resources in responding to nuclear emergencies.

12.5 Emergency management

According to the international recommendations (IAEA, 2007) on nuclear 
emergency matters, the practical goals of emergency response are:

• To regain control of the situation
• To prevent or mitigate consequences at the scene
• To prevent the occurrence of deterministic health effects in workers and 

the public
• To render fi rst aid and to manage the treatment of radiation injuries
• To prevent, to the extent practicable, the occurrence of stochastic health 

effects in the population
• To prevent, to the extent practicable, the occurrence of non-radiological 

effects on individuals and among the population
• To protect, to the extent practicable, property and the environment
• To prepare, to the extent practicable, for the resumption of normal social 

and economic activity.

The goals of emergency response are most likely to be achieved in accor-
dance with the principles for intervention by having a sound programme 
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for emergency preparedness in place as part of the infrastructure for protec-
tion and safety. The practical goal of emergency preparedness is to ensure 
that arrangements are in place for a timely, managed, controlled, coordi-
nated and effective response at the scene and at local, regional, national 
and international levels to any nuclear or radiological emergency.

Nuclear emergency preparedness is a long and continuous process that 
begins with the selection of the site to build a nuclear facility, giving due 
consideration to the circumstances – geographical, demographic, geological, 
hydrological, agricultural and social – that characterize the selected loca-
tion, continues during the design and construction phase with the imple-
mentation of emergency systems and procedures, and is completed while 
the plant is in operation through the maintenance plan operability.

12.5.1 The design phase

In designing a nuclear facility a comprehensive safety analysis is carried out 
to identify all sources of exposure and to evaluate radiation doses that could 
be received by workers and the public, as well as the potential impact the 
facility can have on the environment. Every event sequence, including those 
originated by extreme external phenomena, that may lead to an accident is 
examined in the safety analysis, and the results are used as the basis for 
designing emergency arrangements, which include:

• Designing and ensuring full operability of the safety system installed to 
mitigate accidental sequences leading to uncontrolled releases of radio-
active material to the environment or producing damage to the plant 
and the unwanted exposure of its personnel

• Implementing adequate operational procedures to lead the plant to safe 
conditions after any accident or malicious acts that can seriously damage 
reactivity control systems, cooling systems or confi nement of radioactive 
material systems

• Implementing a training programme to ensure that all personnel have 
adequate skills to manage any crisis generated by any situation that can 
lead to an emergency situation.

During plant operation emergency preparedness activities are focused 
on maintaining and improving the capacity to manage any emergency situ-
ation. These include:

• Ensuring the operability of systems installed to control any credible 
accidental situation identifi ed in the risk assessment, including adequate 
security arrangements to deter, detect and respond to malicious acts

• Implementing adequate training programmes to maintain the emer-
gency management skills of the plant’s personnel at the maximum level
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• Conducting an adequate drill and exercise programme to validate, train 
and enhance the emergency plans and procedures.

12.5.2 The initiation phase

A nuclear emergency starts when the plant monitors indicate that some 
operational systems do not operate properly and the situation cannot be 
controlled by the corresponding safety systems adequately. Upon failure 
detection, the plant operator evaluates the impact of the incident on the 
plant and identifi es the affected systems and the availability of alternative 
systems to control the situation. Simultaneously, the plant operator inves-
tigates whether the incident could lead to the escape of radioactive material 
within the plant or to the environment. Based on the results of its prelimi-
nary evaluation, the operator initiates the mitigation actions, decides the 
level of the on-site emergency plan to be activated, and notifi es the situation 
to the emergency coordinator who is responsible for off-site emergency 
plan activation.

Transition from normal operation to an emergency situation is a critical 
step that needs to be clearly established in emergency plans; for this reason, 
the operators are specifi cally trained in the use of procedures to identify 
abnormal situations within the plant, activate on-site emergency plans, and 
implement the emergency procedures to handle the situation. Similarly, 
activation of the off-site emergency plans requires specifi c training of the 
authorities in charge of response and intervention. The on-site/off-site inter-
face also needs careful implementation to avoid any delay or disturbance 
in taking the necessary countermeasures.

12.5.3 The active phase

Once emergency plans have been activated, the operator is responsible for 
timely and accurate transmission of information about the evolution of the 
accident within the plant, to ensure that the public authorities receive data 
they need for managing the situation. Of special importance are data related 
to the nature and amount of the radioactive releases from the plant, usually 
called the source term, because the scope and nature of countermeasures 
to be implemented depend critically on this parameter. The source term can 
be evaluated by using data from of the radiometers installed in the main 
discharge channels in the nuclear facility, e.g. chimneys and ventilation 
exhaust systems. This method can be used when radioactive materials are 
released through these channels and the corresponding instruments were 
not affected by the accident. The source term can also be estimated by using 
mathematical models that reproduce the physical–chemical behaviour of 
the plant under accident conditions. Some of these have been adapted for 
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use in emergency situations and are available in the emergency coordina-
tion centres operated by operators and regulatory authorities (IAEA, 
2003b).

In case of maximum severity, the emergency coordinator can decide the 
implementation of precautionary urgent protective action to prevent severe 
deterministic health effects by keeping doses below those for which inter-
vention would be expected to be undertaken under any circumstances. This 
situation is extremely unlikely and it is expected that the emergency coor-
dinator  would have enough time to decide the implementation of counter-
measures based on dose estimation.

Estimation of the dose needs detailed meteorological data that can be 
obtained from the stations existing in every nuclear facility and from 
regional or national meteorological services. These data are used as input 
to mathematical models able to predict transport of radioactive materials 
released in the atmosphere, and to estimate the dose that the people living 
in the areas affected could receive due to radiation from a contaminated 
cloud or radioactive aerosols deposited in soil or waters. The dose can also 
be evaluated by using the radiometric instrumentation that is available in 
the emergency areas as part of the means and resources arranged during 
the preparedness phase of the emergency plans. This instrumentation is 
composed of automatic radiation surveillance networks, mobile units, per-
sonal dosimeters, contamination meters, and sampling stations and analyti-
cal laboratories and procedures to evaluate contamination of affected 
pathways, e.g. air, soil, foods and water.

The emergency coordinator can evaluate the radiological situation by 
using the different methods available to estimate the source term, the 
spread of contamination and the dose. Use of an adequate technique is a 
compromise decision between the need for quick or accurate results. The 
use of mathematical models allows very quick results, even predictive, but 
can involve some uncertainties. The use of radiometric measures is more 
accurate but can lead to delay, especially if the results are obtained by 
sample analysis or with off-line instruments. Automatic radiation surveil-
lance networks can reduce the time needed to obtain results, but their 
accuracy, sensitivity or location could be inadequate for taking decisions. 
The emergency coordination centres are equipped with systems based on 
different techniques and their operators are trained in using all of them 
and taking decisions based on combining the results obtained from all of 
them.

Upon consulting with the regulatory authority, the emergency coordina-
tor decides the implementation of urgent protective action to prevent sto-
chastic effects to the extent practicable by averting doses, in accordance 
with international standards. The decision is based on the dose rate and 
contamination levels existing in the affected area, and the dose that can be 
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averted by applying appropriate countermeasures. Public authorities can 
take into consideration other factors infl uencing the implementation of 
countermeasures. In this regard, meteorological conditions, seasonal demog-
raphy and coincidence with other catastrophic events such as earthquakes 
are examples of circumstances that have to be taken into account in the 
decision. Finally, the emergency coordinator transmits his or her decisions 
about emergency actions to emergency response teams (rescue brigades, 
radiation protection, health services, police, and civil defence teams) for 
implementation.

During emergency response, the emergency coordinator has to pay 
special attention to ensure that easily understandable information about 
existing hazards, emergency decisions and countermeasures to be imple-
mented is properly transmitted:

• Directly to the permanent, transient and special population groups or 
those responsible for them and to special facilities within the emergency 
zones, for getting an adequate undertaking of emergency decisions and 
their full collaboration in implementing emergency measures

• To emergency coordination centres to act cooperatively
• To the media to ensure that all stakeholders have adequate information 

on emergency operations to act properly if their support is required
• To international partners, international organizations and national sig-

natories of bilateral agreements, to facilitate the adoption of adequate 
emergency actions in their own territories by the relevant emergency 
coordinator.

During emergency operations, special attention should be paid to protect 
emergency responders who may undertake intervention in order to save 
lives or prevent serious injury due to doses that could cause severe deter-
ministic health effects, take action to avert a large collective dose, or take 
action to prevent the development of catastrophic conditions.

Activation and implementation of emergency plans could be especially 
diffi cult when response to a nuclear accident has to be given in an area that 
has been simultaneously affected by an extreme natural or anthropogenic 
disaster. In this case, the emergency coordinator has to pay special attention 
to coordinating implementation of radiological and non-radiological coun-
termeasures with the relevant authorities.

12.5.4 The post-emergency phase

When a nuclear accident involves a large amount of radioactive aerosols, 
the subsequent fallout may contaminate the soil and water of affected areas. 
In this case, public authorities should implement specifi c protective mea-
sures, to protect the public in accordance with international standards, from 
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contamination through foodstuff and water consumption and inhalation of 
airborne aerosols deposited in soil. It is likely that these actions would have 
to be continued for a long period. Management of these situations is usually 
beyond the scope of the nuclear emergency plans, because they could 
involve the intervention of a wide range of government institutions and 
require special political and economic decisions.

Lessons learned from the aftermath of the Chernobyl accident show that 
a relevant fraction of the total dose produced by a large nuclear accident 
arises from chronic exposure. Chronic exposure is mainly produced by 
direct exposure to soil contamination, contaminated food consumption and 
inhalation of radioactive airborne materials. Reducing long-term exposure 
could require implementation of hard countermeasures such as the long-
term health care of victims, modifi cation of agricultural practices and strict 
control of foodstuffs, and relocation of the population living in affected 
areas. Putting these countermeasures into practice requires spending large 
amounts of resources and can produce signifi cant social and psychological 
effects on the affected population. Recent studies carried out in the region 
affected by the Chernobyl accident show that training the population to 
live with enhanced levels of radioactivity can help them to reduce the social 
and physiological effects and contribute decisively to normalizing the situ-
ation. The aftermath of the Chernobyl accident shows also that the effi cient 
implementation of adequate countermeasures in the early emergency phase 
can reduce some long-term health effects such as thyroid cancer produced 
by inhalation and ingestion through milk of radioactive iodine.

12.6 Emergency drills and exercises

The adequacy of emergency response arrangements can be evaluated 
through the audit and review of plans, procedures and infrastructure (pre-
paredness). The ability to carry out the required emergency actions 
(response) can be assessed through audits and reviews of past performance, 
but it is most commonly evaluated through exercises.

Emergency response exercises are a key component of a good emergency 
preparedness programme. They can provide a unique insight into the state 
of preparedness of emergency response organizations. They can also be the 
basis for continued improvement programmes for the emergency response 
infrastructure. However, to be most useful, emergency response exercises 
need to be well organized, professionally conducted and focused on the 
potential for constructive improvement. Nuclear emergency response exer-
cises are a powerful tool for verifying and improving the quality of emer-
gency response arrangements. Each exercise represents a signifi cant 
investment of effort, fi nancial resources and people. It is therefore impor-
tant for each exercise to yield the maximum benefi t. That benefi t depends 
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primarily on the quality of the preparation, conduct and evaluation of the 
exercise.

An emergency response exercise is not an isolated event, but rather a 
part of an overall exercise programme that is normally implemented over 
a cycle of several years. This cycle includes several types of emergency 
exercise. The programme is conducted to validate emergency plans and 
procedures and to test performance, to train intervention personnel in a 
realistic situation, and to explore and test new concepts and ideas for emer-
gency arrangements. Emergency preparedness programmes should also 
include considerations and arrangements for international liaison, notifi ca-
tion, exchange of information and assistance. According to the IAEA rec-
ommendations (IAEA, 2007) a cycle of emergency exercises includes 
several types of drills and exercises. The most common are as follows.

• Drills normally involve small groups of persons in a learning process 
designed to ensure that essential skills and knowledge are available for 
the accomplishment of non-routine tasks such as emergency radiation 
measurements or the use of emergency communication procedures. A 
drill can also be used to assess the adequacy of personnel training and 
is usually supervised and evaluated by qualifi ed instructors. It normally 
covers a particular component, or a group of related components, associ-
ated with the implementation of the emergency plan and is conducted 
several times per year.

• Tabletop exercises are discussion-type workouts conducted around a 
table. All the participants are in the same room or building and no com-
munication link with any outside body is necessary. They are not usually 
conducted in real time and their main focus is on decision-making, 
assessment, public and media communication policy defi nition, and 
implementation.

• Partial and full-scale exercises are simulations used to allow a number 
of groups and organizations to act and interact in a coordinated fashion. 
The focus of partial and full-scale exercises is on coordination and 
cooperation. Exercises can be partially or fully integrated. The inte-
grated full-scale exercise involves the full participation by all on-site and 
off-site response organizations. Its major objective is to verify that the 
overall coordination, control, interaction and performance of the 
response organizations are effective and that they make the best use of 
available resources. Combined on-site/off-site exercises are usually per-
formed to test both the on-site and off-site responses and the interface 
mechanisms in place, which are so important to a proper overall response. 
In fact, the interface aspects are often the weak link in the emergency 
response system and need to be tested and updated frequently. When 
appropriate, partial and full-scale exercises should be organized to train 
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intervention organizations to respond simultaneously to a nuclear acci-
dent and a natural or anthropogenic disaster affecting the same areas.

• Field exercises focus on the tasks and coordination of resources that 
must be operated at or around the site of an emergency. Those include 
means used by survey teams, police, medical fi rst-aid and fi re-fi ghting 
teams. Field exercises are conducted on their own or combined with a 
partial or full-scale exercise. Figure 12.2 shows fi rst responders prepar-
ing to intervene in a nuclear emergency fi eld exercise carried out by the 
Ministry of Interior, the Ministry of Defence and the Nuclear Safety 
Council in Madrid (Spain) in 2010.

The frequency of integrated exercises is a matter to be determined by 
the regulatory authorities. Usually an integrated exercise is conducted in 
every nuclear facility every year. After every emergency exercise, a per-
formance evaluation is conducted to identify areas of emergency plans and 
preparedness that may need to be improved or enhanced. As a result of an 
exercise evaluation, there may also be recommendations on ways to correct 
the identifi ed defi ciencies, problems or weaknesses.

Several international organizations conduct nuclear emergency exercises 
at different scales. Signifi cant examples of these international exercises are 
ConvEx exercises organized by the IAEA (Martincic and Obrentz, 2008), 
INEX exercises organized by the Nuclear Energy Agency (NEA, 2007) and 
ECURIE exercises organized by the European Commission (EU, 1987a). 

12.2 Nuclear emergency fi eld exercise carried out by the Ministry of 
Interior, the Ministry of Defence and the Nuclear Safety Council in 
Madrid (Spain) in 2010 (courtesy of M. Gutierrez, Ministry of Interior, 
Spain).

�� �� �� �� ��



414 Infrastructure and methodologies for justifi cation of NPPs

Published by Woodhead Publishing Limited, 2012

12.3 Follow-up of an international nuclear emergency exercise at the 
IAEA Incident and Emergency Centre (courtesy of IAEA).

Similar exercises are conducted by other international organizations at 
regional level in America and Eastern Asia. In addition, some international 
organizations, such as the North Atlantic Treaty Organization, NATO, the 
World Meteorological Organization, WMO and the World Health 
Organization, WHO, organize nuclear or radiological emergency exercises 
focused on topics under their specifi c responsibilities. Figure 12.3 show the 
follow-up of an international nuclear emergency exercise at the IAEA 
Incident and Emergency Centre.

12.7 Emergency coordination centres

The occurrence of a nuclear emergency will lead to a sequence of response 
actions focused on managing the incident and mitigating its effects (the 
responsibility of the site operator), and protecting the public against actual 
or potential effects of the incident (the responsibility of the site operator, 
and governments through the respective emergency planning and pre-
paredness authorities). Many activities will be undertaken by the operator 
and respective orders of government (local, regional, national and, where 
appropriate, international or neighbour countries) for responding to the 
emergency in a timely and adequate way.

Rapid and effective coordination among all organizations involved is a 
crucial issue for a successful response. Coordination among these organiza-
tions requires implementation of a well-structured action plan based on an 
effi cient network of command and control centres. Usually, every response 
organization has its coordination centre to command its tasks and coordi-
nate them with the rest of the response organizations. Every command and 
control centre should have clearly established its role and be endowed with 
suffi cient human and technical resources to fulfi l its mission.
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12.7.1 Coordination centres operated by licensees

The operator usually has two emergency centres closely interconnected. 
The fi rst centre is located in the facility and the second in a location outside 
the areas likely to be affected by the emergency. In addition to these two 
emergency centres, the licensees also operate an emergency centre in the 
company headquarters, mainly to be informed, but also to help the reactor 
operators in the implementation of severe accident guidelines and proce-
dures. The functions of the operator’s centres are:

• To provide technical support to the personnel operating to bring the 
plant to safe conditions as soon as possible and minimize the impact of 
the emergency on the facility and its workers as well as reduce the 
uncontrolled release of radioactive material to the environment

• To identify and request external aid required for the plant, according to 
the evolution of the emergency

• To provide public authorities that manage the external emergency with 
available information on the emergency at the facility, to facilitate the 
implementation of measures to protect the population

• To direct urgent off-site emergency activities until the public authorities 
assume direction of operations.

To adequately fulfi l this mission the operator’s operational centres have 
access to all available information on plant design and operation; adequate 
procedures to operate the plant in degraded safety conditions; simulators 
of the behaviour of the plant that can predict the evolution of any event 
and anticipate the most appropriate mitigation measures; detailed informa-
tion on the geography and on-line meteorological data for the site to evalu-
ate atmospheric dispersion of potential uncontrolled release of radioactive 
material by air; redundant connections to the emergency coordination 
centres used by public authorities to take decisions, to inform them on the 
development of on-site emergency and request their help if necessary; 
direct connections with suppliers of equipment and services; connections 
with the nuclear facilities or similar technology and electricity generation 
of other countries; and connection with centres of water resources manage-
ment, national meteorological services and other relevant coordination 
centres that operate networks or systems relevant for emergency response.

12.7.2 The national emergency centres

The command and control centres of the national authorities are usually 
set up to respond to every kind of emergency situation and therefore their 
technical capabilities are not specifi cally designed for responding to nuclear 
emergencies. These centres are equipped with powerful and versatile com-
munication devices, and are directly connected with other centres to respond 
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to national crises at the highest level. The mission of these centres is to 
provide the political support, strategic coordination, public information 
management and international contacts needed to manage the emergency. 
In the case of activation of a nuclear emergency plan, representatives from 
different ministerial organizations are convened to this centre to facilitate 
a response that involves several government functions such as civil protec-
tion, public security, health, environmental protection, industrial policy, 
fi nance and international relations. A key role of these centres is the coor-
dination among public authorities at local, regional and national level, 
which could be a crucial element to ensuring a proper use of available 
resources for the implementation of emergency measures.

12.7.3 Coordination centres in regulatory organizations

The regulatory bodies usually have coordination centres that are highly 
specialized to respond to nuclear and radiological emergencies. The main 
mission of these centres in the case of a nuclear emergency is to provide 
national authorities with timely and accurate technical information and give 
recommendations for managing the emergency situation. To do that, these 
centres are usually designed to process information received from every 
nuclear power plant, from national meteorological services, from environ-
mental surveillance networks, and from other technical sources, to assess 
the evolution of the consequences of the emergency situation in terms of 
dose rate existing or predicted in the affected areas. The result of these 
assessments is used to recommend emergency measures to national, regional 
and local authorities depending on projected dose in accordance with the 
evolution of the accident and the meteorological conditions around the 
plant and the affected areas. These centres are usually equipped with sophis-
ticated devices and systems able to catch and transmit large amounts of 
technical data on the operational situation of the facility originating 
the emergency, the radiological situation within and outside the facility, 
the meteorological situation and forecast, and other technical and 
environmental data, and to process them and give recommendations to 
the national authorities concerning the implementation of emergency 
countermeasures.

The emergency centres of regulatory bodies are usually equipped with 
access to automatic radiological environmental surveillance networks. 
These networks cover all of the national territory and are denser in the 
vicinity of the nuclear facilities. They are designed to detect and give an 
urgent and independent warning on atmospheric releases above certain 
threshold levels set up as a function of intervention levels.

In many countries the emergency centres of regulatory bodies also have 
a very important role regarding public information in the case of a nuclear 
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emergency, since they are able to provide accurate and independent techni-
cal information. In this regard, they are responsible for classifying the 
nuclear emergency in accordance with the International Nuclear Event 
Scale (IAEA, 2009) issued by the IAEA as a simple and common tool to 
communicate the severity of nuclear events all over the world. It is also very 
common that the emergency centre owned by the regulatory body acts as 
the national contact point regarding the international conventions on early 
notifi cation and mutual assistance in the case of nuclear and radiological 
events. Figure 12.4 shows the emergency operational centre (Sala de 
Emergencias, Salem) of the Spanish nuclear regulatory body (Consejo de 
Seguridad Nuclear, CSN).

12.7.4 International coordination centres

Several international organizations operate emergency centres partially or 
fully devoted to responding to nuclear or radiological emergencies. The 
IAEA operates the Incident and Emergency Centre as the global focal 
point for responding to nuclear and radiological emergencies under the 
terms established in the Conventions on Early Notifi cation and Mutual 
Assistance. The Centre provides round-the-clock assistance to Member 
States and coordinates the drafting and publication of the IAEA standards 
and recommendations on emergency matters. The Centre also organizes 
training activities and international nuclear emergency exercises called 
ConvEx aimed at verifying international cooperation in responding to 
nuclear emergencies. Figure 12.5 shows the Incident and Emergency Centre 
of the International Atomic Energy Agency.

12.4 The Emergency Operational Centre (Sala de Emergencia, SALEM) 
of the Spanish Nuclear Regulatory Authority (Consejo de Seguridad 
Nuclear, CSN) (courtesy of the CSN).
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12.5 The IAEA Incident and Emergency Centre (courtesy of the IAEA).

12.7.5 Regional and local emergency centres

Regional and local authorities have their own operations centres whose 
mission is to implement emergency operations. These centres, which in 
many cases are also the centres of non-nuclear emergency management, are 
endowed with specifi c media to stay permanently and securely connected 
with advanced command posts that are responsible for the implementation 
of countermeasures, as well as with other focal points, in order to:

• Receive the information sent by the operator’s emergency centre on the 
possible evolution of an emergency in the affected facility, and by the 
emergency centre of the regulatory body, giving technical recommenda-
tions necessary to implement the appropriate emergency measures to 
protect the population

• Send orders to every intervention team
• Transmit operational information to local media
• Inform national authorities on the evolution of an emergency in the 

affected area and seek their help if they need means of intervention or 
extraordinary resources that are not available in the territory under the 
operator’s control.

12.8 Sources of further information and advice

Many national and international organizations related to nuclear energy, 
emergency management and radiation safety research have devoted efforts 
to issuing information on nuclear emergency matters. This information 
covers a wide range of topics, orientations, objectives and kinds of docu-
ments, and can be consulted on the corresponding websites. In this regard:
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• The IAEA, as mentioned above, has issued a number of safety stand-
ards, recommendations and technical documents oriented at providing 
the Member States with adequate information for planning, prepared-
ness and response to nuclear emergencies.

• The European Commission has contributed to the current knowledge 
of nuclear emergency management from a number of research projects 
carried out with its Framework Research Programmes during the last 
three decades. Signifi cant results of these projects have been issued by 
the Commission and its associate research centres.

• The Nuclear Energy Agency has a Working Party on Nuclear Emergency 
Matters that acts as a forum for discussing development made by 
Member States on this subject.

• At national level, national emergency agencies and regulatory authori-
ties permanently hold information and maintain programmes addressed 
to nuclear and radiological emergencies. These programmes include 
issuance of regulations, guidance and technical documents that are 
easily available directly from these institutions.
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13
Non-proliferation safeguards in nuclear 

power programmes

M. S. PELLECHI, International Atomic Energy Agency 
(IAEA), Austria

Abstract: This chapter explores non-proliferation from the point of view 
of international safeguards and recommends what ‘newcomers’ should 
be familiar with if they are to successfully assess, manage or participate 
in the expanded use of nuclear energy. It provides a basic understanding 
of the safeguards requirements to be addressed by stakeholders, and 
offers some technical guidance and advice on safeguards-relevant 
operational measures that may be taken. The subject matter is presented 
in simplifi ed terms, such that it may be of particular benefi t to 
stakeholders with limited or no nuclear energy experience.

Key words: International Atomic Energy Agency, IAEA, Nuclear 
Non-Proliferation Treaty, NPT, safeguards, non-proliferation, safeguards 
agreement, additional protocol, state system of accounting for and 
control of nuclear material, SSAC.

13.1 Introduction

The Treaty on the Non-Proliferation of Nuclear Weapons (otherwise known 
as the Nuclear Non-Proliferation Treaty or NPT) was brought into force in 
part out of a desire to contain the spread of nuclear weapons and nuclear 
weapons technology, while legitimizing the peaceful uses of nuclear energy. 
The text of the NPT can be found in INFCIRC/140 (IAEA, 1970). From a 
global perspective, an increasing number of countries are today assessing, 
or plan to include, the use of nuclear power as part of the mix of sustainable 
energy sources. According to Amano (2010), the Director General of the 
International Atomic Energy Agency (IAEA), in excess of 20 countries 

This chapter is the copyright of the International Atomic Energy Agency (IAEA) 
and is reproduced by the Publisher with the IAEA’s permission. Any further use or 
reproduction of the chapter, in whole or in part, requires the permission of the 
IAEA. The chapter has been written by a staff member of the IAEA in his personal 
capacity and not on behalf of the IAEA or the Director General of the IAEA. The 
views expressed in the chapter are not necessarily those of the IAEA and that the 
IAEA disclaims all liability in connection with the chapter and any use made 
thereof.
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might very well bring their fi rst nuclear power plant online within the next 
20 years. Towards that end, the IAEA, one of the specialized agencies1 of 
the United Nations (UN), has established a website dedicated to helping 
Member States develop a nuclear power infrastructure. Readers of this 
chapter may want to familiarize themselves with some of the authoritative 
publications, specifi cally IAEA (2007a) and IAEA (2008a), as the informa-
tion contained in them will assist in gaining an understanding of where 
safeguards fi ts into the development of a State’s nuclear power infrastruc-
ture. An overview of the IAEA Safeguards System can be found in 
footnote.2

If, as projected, any manner of a nuclear renaissance is realized, it is 
expected that some of these States will be developing countries. And therein 
arises a necessity for the safeguarding of nuclear material and facilities in 
countries that previously had very limited or no experience with the nuclear 
fuel cycle and international safeguards. As indicated in the IAEA (2007a) 
‘Milestones’ publication, it is essential for all concerned stakeholders to 
understand the safeguards requirements and obligations, in addition to the 
other 18 topical areas requiring commitment and resources.

This chapter’s objective is to provide guidance to stakeholders with an 
understanding of what is needed for the effective implementation of safe-
guards, when it is needed, and how, through the transparent application of 
safeguards, they may advance their interests in the peaceful use of nuclear 
energy nationally and internationally. It begins with a discussion on the 
underlying safeguards requirements as they derive from the NPT. The 
chapter examines, in general terms, the international non-proliferation obli-
gations of countries/stakeholders within the context of a comprehensive 
safeguards agreement (IAEA, 1972) and additional protocol (IAEA, 
1997a). Together with examples of the application of safeguards measures, 
the chapter explores the establishment of an effective state system of 
accounting for and control of nuclear material, and offers some technical 
perspective on the NPT and the IAEA. It also provides a brief discussion 
on transparency and the future of safeguards.

Each subsection of the chapter is self-contained which, while building on 
the previous subsection(s), can be read in a stand-alone fashion for quick 
reference. Nevertheless, an underlying theme throughout the subsections is 
that stated intentions alone are not enough to assure the global community 

1 A specialized agency refers to an autonomous organization linked to the UN 
through special agreements. A current listing of such agencies may be viewed at 
http://www.un.org/Overview/uninbrief/institutions.shtml
2 The Safeguards System of the International Atomic Energy Agency, available from 
http://www.iaea.org/OurWork/SV/Safeguards/safeg_system.pdf
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that any new pursuit or expansion of a civilian nuclear option is entirely for 
peaceful purposes. The chapter is written with the presumption that it is 
primarily through demonstrable, transparent actions by prospective govern-
ments and nuclear facility operators that a country convinces its stakehold-
ers that their efforts represent a positive, peaceful use of nuclear material 
and technology.

A short glossary of frequently used terms is provided below (IAEA, 2001, 
and IAEA Statute, Article XX: Defi nitions):

• Additional Protocol (AP): A protocol additional to a safeguards agree-
ment (or agreements) concluded between the IAEA and a State, or 
group of States, following the provisions of the Model Additional 
Protocol. The Model Additional Protocol provides for those measures 
for strengthening the effectiveness and improving the effi ciency of 
IAEA safeguards which could not be implemented under the legal 
authority of safeguards agreements.

• Comprehensive Safeguards Agreement (CSA): An agreement that 
applies safeguards on all nuclear material in all nuclear activities in a 
State.

• Facility: A reactor, a critical facility, a conversion plant, a fabrication 
plant, a reprocessing plant, an isotope separation plant or a separate 
storage installation; or any location where nuclear material in amounts 
greater than one effective kilogram is customarily used.

• Location Outside Facilities (LOF): Any installation or location, which is 
not a facility, where nuclear material is customarily used in amounts of 
one effective kilogram or less.

• Nuclear material: Any source material or special fi ssionable material as 
defi ned in Article XX of IAEA Statute.

• Source material: Uranium containing the mixture of isotopes occurring 
in nature; uranium depleted in the isotope 235; thorium; any of the 
foregoing in the form of metal, alloy, chemical compound, or concen-
trate; any other material containing one or more of the foregoing in such 
concentration as the Board of Governors shall from time to time deter-
mine; and such other material as the Board of Governors shall from 
time to time determine.

• Special fi ssionable material: Plutonium-239; uranium-233; uranium 
enriched in the isotopes 235 or 233; any material containing one or more 
of the foregoing; and such other fi ssionable material as the Board of 
Governors shall from time to time determine; but the term ‘special fi s-
sionable material’ does not include source material.

• Uranium enriched in the isotopes 235 or 233: Uranium containing the 
isotopes 235 or 233 or both in an amount such that the abundance ratio 
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of the sum of these isotopes to the isotope 238 is greater than the ratio 
of the isotope 235 to the isotope 238 occurring in nature.

13.2 Nuclear Non-Proliferation Treaty (NPT)

13.2.1 Birth of a landmark treaty

On Monday, 16 July 1945, the world’s fi rst nuclear weapon was detonated 
by the United States. By the mid-1960s, there were fi ve States which had 
produced and tested nuclear weapons, including China, France, the former 
Soviet Union (USSR; today called the Russian Federation), the United 
Kingdom (UK) and the United States (US). Recognizing the negative 
impact to their respective national interests if other States were to produce 
and test such devices, two of the nuclear-weapon States, the US and the 
USSR, sought to erect an institutional mechanism to limit the further spread 
of nuclear weapons or other nuclear explosive devices. The Treaty on the 
Non-Proliferation of Nuclear Weapons (NPT) was fi rst adopted on 12 June 
1968, and then on 5 March 1970 it was brought into force. There are two 
distinct but interrelated NPT verifi cation goals: to build confi dence between 
parties; and to deter against treaty violation by risk of detection.

The text of the NPT segregates the signatories into two camps: the ‘haves’ 
(i.e., nuclear-weapon States, NWS) and the ‘have-nots’ (i.e., non-nuclear-
weapon States, NNWS). The Treaty defi nes a NWS as one which has manu-
factured and exploded a nuclear weapon or other nuclear explosive device 
prior to 1 January 1967. This meant that fi ve States were recognized as 
declared nuclear-weapon States at the time the Treaty entered into force: 
China, France, the USSR, the United Kingdom and the United States. Since 
1 January 1967, several other States are known to have, or are assumed to 
have, conducted a nuclear weapons test. These countries are not recognized 
as nuclear-weapon States according to the NPT’s defi nition.

The NPT was given an initial 25-year lifespan in Article X of the Treaty, 
though another provision, Article VIII, entails a review process that occurs 
every fi ve years with the goal of assuring that the Treaty’s objectives are 
being realized. During the 1995 NPT Review and Extension Conference, a 
decision that the NPT shall continue in force indefi nitely was included 
among the package of decisions that were adopted.3 The Conference also 
reaffi rmed the universality of the NPT, stating ‘Universal adherence to the 
Treaty on the Non-Proliferation of Nuclear Weapons is an urgent priority. 
All States not yet Party to the Treaty are called upon to accede to the Treaty 

3 Offi cial documents on the package of three decisions in all languages are available 
from the United Nations Offi ce for Disarmament Affairs (UNODA) from http://
www.un.org/disarmament/WMD/Nuclear/1995-NPT/1995NPT.shtml
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at the earliest date, particularly those States that operate unsafeguarded 
nuclear facilities.’ The most recent NPT Review Conference was held in 
2010 and concluded with the adoption of a 22-point action plan (over the 
next fi ve years) to advance the three main pillars of the Treaty: nuclear 
disarmament, non-proliferation and the peaceful uses of nuclear energy. 
The fi nal 2010 document also provides an article-by-article review of the 
NPT’s operations, taking into account the decisions and resolutions previ-
ously adopted by both the 1995 Review and Extension Conference and the 
2000 Review Conference.4

13.2.2 NPT and regional treaties

Under Article VII of the NPT, it is specifi cally recognized that a group of 
States have a right to conclude regional treaties ‘in order to assure the 
absence of nuclear weapons in their respective territories’. Thus, when a 
NNWS is giving consideration to building its fi rst nuclear power plant, as 
part of the decision process they should also consider the impact that any 
relevant regional treaty will have.

Today, there are a number of regional treaties dealing with nuclear-
weapon-free zones, each of which obligates the Parties to conclude a com-
prehensive safeguards agreement with the IAEA. Examples of regional 
treaties with the goal of establishing a nuclear-weapon-free zone include 
the Treaty for the Prohibition of Nuclear Weapons in Latin America 
(Tlatelolco Treaty)5, the African Nuclear-Weapon-Free Zone Treaty 
(Pelindaba Treaty)6, the Southeast Asia Nuclear-Weapon-Free Zone 
Treaty (Treaty of Bangkok)7, the Central Asian Nuclear-Weapon-Free Zone 

4 The Final Document of the 2010 Review Conference consists of four parts in three 
volumes. The Final Document of the 2010 NPT Review Conference (Parts I and II) 
NPT/CONF.2010/50 (Vol. I) is available from http://www.un.org/ga/search/view_
doc.asp?symbol=NPT/CONF.2010/50 (VOL.I); relevant documents and conference 
working papers, decisions, and notes are published at http://www.un.org/en/conf/
npt/2010/docs.shtml
5 The Tlatelolco Treaty, which entered into force on 25 April 1969 (before the NPT 
was in force), obligated that ‘Each Contracting Party shall negotiate multilateral or 
bilateral agreements with the International Atomic Energy Agency for the applica-
tion of its safeguards to its nuclear activities’.
6 The Pelindaba Treaty, which entered into force on 15 July 2009, obligated that 
‘Each Party undertakes . . . to conclude a comprehensive safeguards agreement 
with IAEA . . .’.
7 The Treaty of Bangkok, which entered into force on 27 March 1997, obligated that 
‘Each State Party which has not done so shall conclude an agreement with the 
IAEA for the application of full scope safeguards to its peaceful nuclear 
activities . . .’.
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Treaty (CANWFZ or Treaty of Semipalatinsk)8 and the South Pacifi c 
Nuclear-Free Zone Treaty (Rarotonga Treaty).9

13.2.3 Non-nuclear-weapon states as stewards of nuclear 
material and technologies

Of particular safeguards interest and importance to NNWS are the treaty 
provisions contained in Articles II, III, IV and VI of the NPT.10 For simpli-
fi cation purposes, by its sovereign decision to accede to the NPT, all NNWS 
Parties to the Treaty commit not to directly or indirectly receive, manufac-
ture or otherwise acquire any nuclear weapons or other nuclear explosive 
devices, including receiving assistance in the development and manufactur-
ing of such devices.11 Additionally, all NNWS Parties to the NPT are legally 
bound to accept safeguards on all source or special fi ssionable material in 
all peaceful nuclear activities within the territory of such State, under its 
jurisdiction, or carried out under its control anywhere in accordance with 
a safeguards agreement to be negotiated and concluded with the IAEA (in 
accordance with the Statute of the IAEA and the IAEA’s safeguards 
system).12 These comprehensive safeguards agreements (CSA) are mod-
elled on the standard agreement INFCIRC/153 (Corrected) published in 
IAEA (1972).

In exchange for the above commitments, all States party to the NPT 
affi rm that the principle benefi ts of peaceful application of nuclear technol-
ogy is an ‘inalienable right of all the Parties to the Treaty’13, and that the 
States shall undertake negotiations on effective measures for nuclear arms 
reductions with the goal of eliminating all nuclear weapons (i.e., nuclear 
disarmament).14

8 The CANWFZ Treaty, which entered into force on 21 March 2009, obligated that 
‘Each Party undertakes . . . to conclude with the IAEA and bring into force, if it has 
not already done so, an agreement for the application of safeguards in accordance 
with the NPT (INFCIRC/153 (Corr.)), and an additional protocol (INFCIRC/540 
(Corr.))’.
9 The Rarotonga Treaty, which entered into force on 11 December 1986, obligated 
that ‘The agreement referred to in paragraph 1 shall be, or shall be equivalent in its 
scope and effect to, an agreement required in connection with the NPT on the basis 
of the material reproduced in document INFCIRC/153 (Corrected) of the IAEA. 
Each Party shall take all appropriate steps to ensure that such an agreement is in 
force . . .’.
10 The aforementioned provisions and their relevance to the implementation of 
safeguards in a NNWS are covered in detail in Section 13.4, Non-proliferation 
responsibilities.
11 Ref. Article II of the NPT.
12 Ref. Article III of the NPT.
13 Ref. Article IV of the NPT.
14 Ref. Article VI of the NPT.
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13.2.4 Nuclear-weapon states as stewards of nuclear 
material and technologies

In the case of the fi ve NPT declared NWSs, the provisions contained in 
Articles I, III, IV and VI of the NPT are of direct relevance to the issue of 
safeguards. For example, each NWS undertakes ‘. . . not in any way to assist, 
encourage, or induce any non-nuclear-weapon State to manufacture or 
otherwise acquire nuclear weapons or other nuclear explosive devices, or 
control over such weapons or explosive devices’.15 NWSs are also obliged 
not to provide any NNWS with source or special fi ssionable material, or 
equipment or material especially designed or prepared for the processing, 
use or production of special fi ssionable material unless the material is 
subject to the safeguards.16

In exchange for the commitments made by the NNWS Parties to the NPT, 
the NWSs affi rm that the NWS shall undertake negotiations on effective 
measures for nuclear arms reductions with the goal of eliminating all 
nuclear weapons (i.e., nuclear disarmament).17

Though they are not required to have a safeguards agreement with the 
IAEA, each NWS has chosen to do so. A NWS’s safeguards agreement with 
the IAEA is referred to as a Voluntary Offer Agreement (VOA).18 The 
IAEA recognizes that VOAs serve two purposes: to ‘broaden the IAEA’s 
safeguards experience at advanced facilities, and to demonstrate that 
nuclear-weapon States are not commercially advantaged by being exempt 
from safeguards on their peaceful nuclear activities’, as explained in IAEA 
(2007b), page 7. In practice, the safeguards measures implemented in 
accordance with VOAs are only applied with regard to declared nuclear 
material in selected facilities in one or more of the fi ve States.

13.3 International Atomic Energy Agency (IAEA) 

and international safeguards

Today, the IAEA has safeguards agreements in force with over 170 coun-
tries around the world. Almost all of these agreements are formulated 

15 Ref. Article I of the NPT.
16 Ref. Article III of the NPT.
17 Ref. Article VI of the NPT.
18 Each VOA generally follows the format of agreements based on INFCIRC/153 
(Corr.) but varies in the scope of nuclear material and facilities covered. For example, 
such VOAs exclude material and facilities with national security signifi cance, 
and foresee the possibility of withdrawing such material and facilities from 
safeguards.
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based on INFCIRC/153 (Corrected) (IAEA, 1972) in respect of a State’s 
obligation for a CSA as a Party to the NPT.19

13.3.1 ‘Atoms for peace’

In August 1945, shortly after the June 1945 signing of the UN Charter by 
the Heads of State, two atomic bombs were dropped on the Japanese cities 
of Hiroshima and Nagasaki, bringing an end to World War II. Subsequently, 
fears arose that atomic weapons could spread, and with them the potential 
for mass destructive power never before seen on such a scale.

With international attention focused on the atom, on 8 December 1953 
before the 470th Plenary Meeting of the UN General Assembly, US 
President Eisenhower delivered an address titled ‘Atoms for peace’.20 
During the course of his speech, he stated:

I therefore make the following proposal. The governments principally involved, 
to the extent permitted by elementary prudence, should begin now and con-
tinue to make joint contributions from their stockpiles of normal uranium and 
fi ssionable material to an international atomic energy agency. We would expect 
that such an agency would be set up under the aegis of the United Nations.

13.3.2 Statute of the IAEA

In April 1955, work had began on drafting the Statute of the IAEA with 
the participation of governmental representatives from Australia, Belgium, 
Canada, France, Portugal, South Africa, the UK, and the US. Later, in early 
1956, the group expanded to include representatives from Brazil, the former 
Czechoslovakia, India, and the USSR. These historical events have been 
summarized in IAEA (1997b).

As well described by Fischer (2003), the IAEA’s founders held the view 
that there were three primary functions for the new Agency, namely:

19 For completeness, a safeguards agreement based on INFCIRC/153 (Corrected) is 
not the only basis for safeguards application in a State by the IAEA. Safeguards 
have been implemented between the IAEA and States based on other types of 
agreements as well. For example, the three non-NPT States (India, Israel and 
Pakistan) have in force item-specifi c safeguards agreements based on the IAEA’s 
safeguards system approved by the Board of Governors in 1965 and extended in 
1966 and 1968 as set forth in INFCIRC/66/Rev.2 published in IAEA (1968). These 
item-specifi c agreements have provided for the application of safeguards to nuclear 
material, specifi ed items (e.g. heavy water, nuclear-related equipment, zirconium 
tubes) and facilities. The fi ve NPT declared nuclear weapon States have a Voluntary 
Offer Agreement or VOA, in force as noted in Section 13.2.4, Nuclear-weapon states 
as stewards of nuclear material and technologies.
20 The full text of US President Eisenhower’s speech to the General Assembly is 
available from http://www.iaea.org/About/history_speech.html
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 1. To promote the peaceful use of nuclear energy throughout the world
 2. To ensure that any nuclear plant, activity or information it works with, 

is used only for peaceful purposes
 3. To ensure the safe use of any such plant, activity or information.

This perspective took root during the development of the IAEA Statute, 
which was formally approved on 23 October 1956 by the Conference on 
the Statute of the IAEA, held at the Headquarters of the UN.21 Eighty-one 
nations voted unanimously to approve the IAEA Statute. Thereafter, the 
IAEA Statute entered into force 29 July 1957, by which time 26 States had 
deposited their instruments of ratifi cation. Thus, the IAEA was established 
as an autonomous organization, independent of the UN through its own 
international treaty, the IAEA Statute; however, the IAEA reports to both 
the UN General Assembly and the UN Security Council.22 In this regard, 
the IAEA’s relationship with the UN is regulated by special agreement 
dated 30 October 1959 (reproduced in INFCIRC/11) (IAEA, 1959). 
Organizationally, the IAEA comprises a Secretariat, headed by a Director 
General, together with two policy-making bodies: the 35-member Board of 
Governors and the General Conference which consists of all Member 
States.

On 29 July 2007, the IAEA offi cially turned 50. During the interim years, 
its Statute has been amended several times.23

13.3.3 Safeguards and verifi cation

Since its birth, the IAEA’s safeguards work has included24:

• Verifying that countries are not using nuclear material and nuclear 
technology for non-peaceful purposes

• Setting the standards and guidelines for safeguarding nuclear material 
and facilities

• Fulfi lling its role as the guardian of the nuclear non-proliferation treaty
• Assisting the international community in nuclear disarmament efforts.

To fulfi l its mandate, the Secretariat has assigned the Department of 
Safeguards with organizational responsibility for safeguards implementa-
tion. In practical terms, the Department of Safeguards implements monitor-
ing and verifi cation activities worldwide in over 900 facilities and locations 

21 The complete text of the IAEA Statute is available from http://www.iaea.org/
About/statute_text.html
22 Ref. Note 3 on web page at http://www.un.org/en/aboutun/structure/
23 For amendments to the IAEA Statute, see the IAEA webpage from http://www.
iaea.org/About/statute_amendments.html
24 A historically defi nitive account of the IAEA is provided in Fischer (1997).
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outside facilities (LOFs).25 While covering the entirety of a State’s nuclear 
fuel cycle, its efforts consider the strategic value of those types of nuclear 
material and activities in a NNWS that are the most crucial and relevant to 
nuclear weapons manufacturing. It publishes the results of its activities 
annually in a Safeguards Implementation Report.26

Keeping in mind that there are three major infrastructure milestones27 in 
the Milestones publication (IAEA, 2007a) for the development of a nuclear 
power programme, stakeholders involved with any of the milestones may 
fi nd themselves better equipped and more effective in their assigned capac-
ity when they consider the full scope and nature of the IAEA’s safeguards 
work. This subsection briefl y discusses that work in the context of the 
Safeguards and Verifi cation Pillar.28

Safeguards have evolved from their early focus on safeguarded nuclear 
material at the facility level, to today’s concept which refl ects development 
and implementation of a safeguards approach at the State level.29 In the 
evolution of the safeguards approach over the last several decades, includ-
ing transitioning the application of safeguards from a facility level to the 
State level, there were external and internal IAEA factors driving the 
introduction of new tools and safeguards measures. For an authoritative 
account, two recommended sources of information on the IAEA’s historical 
transition in safeguards and how it was implemented and is being imple-
mented today have been provided by Jennekens (1970) and by an IAEA 
Department of Safeguards document covering 1991–2005 (IAEA, 2005b, 
Section C).

For introductory purposes, the general sequence of developments in a 
State’s safeguards system will be described starting from the moment a 

25 A short list of common safeguards terms such as facility and LOF is provided on 
pages 423–424 while a more extensive glossary can be found in IAEA (2001).
26 The Safeguards Implementation Report published annually by the IAEA has a 
restricted distribution; however, a summary of the report is made available to the 
public. For the latest publicly available Statement, see the link titled ‘Latest 
Statement and Background’ on the IAEA’s web at http://www.iaea.org/OurWork/
SV/Safeguards/index.html
27 Defi ned as Milestone 1: Ready to make a knowledgeable commitment to a nuclear 
programme; Milestone 2: Ready to invite bids for the fi rst nuclear power plant; 
Milestone 3: Ready to commission and operate the fi rst nuclear power plant.
28 Three main pillars underscore the mission of the IAEA: Safeguards and 
Verifi cation; Safety and Security; Science and Technology.
29 The IAEA utilizes a State-level concept for the implementation and evaluation 
of safeguards. The State-level concept is the IAEA’s holistic approach to safeguards 
implementation which is applicable to all States. It is based on a comprehensive 
State evaluation process and a State Level Approach (SLA), implemented through 
an Annual Implementation Plan (AIP) for a State.
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State decides to pursue a nuclear energy option for peaceful purposes. In 
terms of a chronology of events, what follows is a hypothetical sequence of 
safeguards-relevant events that a ‘newcomer’ State may come to experi-
ence. Bear in mind that the sequence described below is for illustrative 
purposes only, and there may be many variations in an actual case.

In theoretical terms, assuming a State has not yet acceded to the NPT, it 
may take appropriate action domestically and internationally for consider-
ing such an undertaking. Should the State be contemplating development 
of a nuclear power infrastructure, the State will very likely assess its priori-
ties and presumably decide positively on the importance of the NPT rela-
tive to its non-proliferation goals and objectives. Whether a State accedes 
to the NPT or not, their decision will inevitably impact the perception of 
many regional and international stakeholders regarding the State’s trans-
parency and openness.

For a State without a safeguards agreement in force, the IAEA will work 
closely with the State’s representatives to draft and bring one into force. If 
the reference State is a Party to the NPT, the safeguards agreement will be 
comprehensive in nature and modelled on INFCIRC/153 (Corrected) 
(IAEA, 1972). Any State with a safeguards agreement may also conclude 
a protocol additional to its safeguards agreement with the IAEA (herein-
after referred to as an ‘additional protocol’).30 While it remains the sover-
eign decision of the host State, if requested the IAEA will advise and 
provide available support to enable a State to conclude an additional pro-
tocol (AP) to their safeguards agreement at the same time (or at a later 
date depending on the State’s circumstance). In respect of drafting the 
safeguards agreement (and AP), the State and the IAEA will conclude 
Subsidiary Arrangements31 which specify how the measures included in 
the CSA (and AP) are to be implemented. Subsidiary Arrangements to 

30 Following the IAEA Board of Governors approval in 1997, the IAEA began 
concluding with States having a safeguards agreement an additional protocol based 
on the provisions of a standard reproduced in INFCIRC/540 (Corrected) (IAEA, 
1997a). It is a binding instrument complementary to the CSA that a State may 
voluntarily undertake. By doing so, a State undertakes additional commitments in 
addition to those in the CSA. The protocol is discussed in Section 13.4.2, Model 
additional protocol. Additional protocols to item-specifi c safeguards agreements 
and voluntary offer agreements may also be concluded with the IAEA.
31 Subsidiary Arrangements are defi ned by the IAEA as ‘the document containing 
the technical and administrative procedures for specifying how the provisions laid 
down in a safeguards agreement are to be applied. Under an INFCIRC/153-type 
safeguards agreement, the State and the IAEA are required to agree on Subsidiary 
Arrangements. Under an additional protocol to a safeguards agreement (or agree-
ments), if either the State or the IAEA indicates that Subsidiary Arrangements are 
necessary, then both parties are required to agree on such Arrangements.’
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safeguards agreements consist of a General Part, applicable to all common 
nuclear activities of the State concerned, and a Facility Attachment, pre-
pared for each facility in the State and describing the arrangements specifi c 
to that facility.

Once a CSA is in force, the State is obligated to establish a state system 
of accounting for and control of nuclear material (SSAC) if it has not 
already done so.32 In this regard, there are two different contexts to the use 
of the term SSAC. One refers to the National Authority assigned responsi-
bility as the formal technical interface for safeguards implementation with 
the Agency and facility operators. The second refers to the system of nuclear 
material accounting and control procedures required by the National 
Authority and implemented by facility operators. The concept is graphically 
presented in Fig. 13.1. With regard to the National Authority assigned as 
the SSAC, among its many initial responsibilities, the newly established 
SSAC will address the preparation and transmission of the State’s initial 

Declare Verify 

Declare

Verify 

State system of accounting for and control of nuclear material 

Inform

IAEA

SSAC
(National
Authority)

Facility
Operator

13.1 IAEA–State–facility relationship (adapted from IAEA training 
material).

32 INFCIRC/153 (Corrected) (IAEA, 1972) states, ‘. . . the State shall establish and 
maintain a system of accounting for and control of all nuclear material subject to 
safeguards under the Agreement, and that such safeguards shall be applied in such 
a manner as to enable the Agency to verify, in ascertaining that there has been no 
diversion of nuclear material from peaceful uses to nuclear weapons or other 
nuclear explosive devices, fi ndings of the State’s system. The Agency’s verifi cation 
shall include, inter alia, independent measurements and observations conducted by 
the Agency in accordance with the procedures specifi ed in Part II below. The 
Agency, in its verifi cation, shall take due account of the technical effectiveness of 
the State’s system.’
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report (concerning the inventory of nuclear material and facilities) to the 
IAEA.33 If an AP is in force at the time, the preparation and submission of 
initial AP declarations are also required.

Early consultation with the IAEA can facilitate this process to the benefi t 
of both Parties. Experience shows that it is a good practice if the SSAC is 
involved early in the process, for example prior to or during the develop-
ment of the Subsidiary Arrangements. In some NNWSs, it is an offi ce in the 
Ministry of Foreign Affairs or equivalent that is designated as the SSAC, 
negotiates the Subsidiary Arrangements, submits the initial report and 
undertakes to fulfi l other SSAC responsibilities. In other countries, a depart-
ment or section in the Ministry of Science and Technology or equivalent is 
the SSAC which seeks to fulfi l the requisite obligations. There are any 
number of considerations that go into such a decision and each State is 
expected to factor in its own national interests and needs. Examples may 
include current or proposed national laws, policies and regulations relevant 
to safeguards implementation; relevant foreign policies; technical compe-
tency of the ministry or department/section; and fi nancial and other resource 
availability/constraints. The essential point here is that whether a State has 
no nuclear material and facilities, or they possess a more developed nuclear 
fuel cycle, having a technically capable and properly resourced SSAC is a 
requirement of fundamental importance. Regardless of which national 
authority is designated as the SSAC, the State’s point of contact for safe-
guards will be identifi ed in the relevant Subsidiary Arrangements and will 
benefi t by being involved early in the process.

With regard to the system of nuclear material accounting and control 
procedures, if there are small quantities of existing nuclear material in the 
State, the State may already have an operational nuclear material account-
ing and control system. If one is not in place, concurrent with the activities 
involving the preparation of the initial inventory declaration, the State and 
the relevant operators establish or implement a nuclear material accounting 
and control system.34 In keeping with the IAEA’s mandate under its Statute, 
the IAEA takes account of all safeguarded nuclear material, including 
enriched uranium, plutonium and uranium-233 in countries with a CSA. 
Other types of nuclear material subject to safeguards verifi cation include 
thorium, natural uranium, and depleted uranium, the latter of which is 

33 In a CSA based on INFCIRC/153 (Corrected), the State has an obligation to 
declare of all its nuclear material and facilities in peaceful activities to the IAEA.
34 This will include, for example, the following areas as relevant: accounting and 
control of starting point of safeguards; transfers, terminations and exemptions/de-
exemptions; accidental losses and gains; categorization of nuclear material; material 
balance areas; and records and reports system.
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commonly used, for instance, as shielding of radiation sources in hospitals, 
industry and agriculture.35

Following the submission, if any nuclear material is declared, the SSAC 
works closely with relevant nuclear operators to prepare for the IAEA’s 
initial verifi cation of the State’s nuclear material inventory. During this 
period, the IAEA is reviewing the State’s declarations and, as appropriate, 
assessing the correctness and completeness of the submittal(s). In some 
instances, the SSAC may receive one or more IAEA requests for clarifi ca-
tion or further information. The more technically capable a SSAC is at this 
point, the more easily it will be able to respond accordingly. Good com-
munication between the parties is always a recommended priority, but it is 
especially important during this stage of the process.

In respect of the State’s initial inventory declaration, the SSAC will then 
undertake to routinely submit accounting and operating reports to the 
IAEA as specifi ed in the respective Facility Attachment (part of the 
Subsidiary Arrangements). The relevant accounting reports and operating 
records in the submittals usually originate from the facility operator’s 
system of accounting for and control of nuclear material. Nevertheless, as 
the CSA is a binding instrument between the IAEA and the State, it is the 
SSAC that is responsible for assuring the correctness and completeness of 
the submittals to the IAEA. This point is very important, and essentially 
serves as a reminder to those responsible in understanding and fully embrac-
ing their SSAC role as the technical interface to the IAEA.

In the case of an existing or planned nuclear facility, the SSAC will typi-
cally consult with the operator(s) for the preparation of a design informa-
tion package that is to be submitted to the IAEA. The design information, 
in the form of a Design Information Questionnaire (DIQ) for each existing 
and planned nuclear facility, is used by the IAEA, together with the infor-
mation provided in the State’s declaration of the initial inventory of nuclear 
material, to facilitate the development of the safeguards approach at the 
State level, including the safeguards measures to be implemented at the 
respective nuclear facility. Where applicable, the facility design information 
is also used in (1) development of the Facility Attachment, (2) technical 
discussions between the IAEA, the SSAC and the facility operator regard-
ing the potential installation and service of IAEA containment and surveil-
lance (C/S) systems, and (3) the IAEA’s ongoing assessment concerning the 
identifi cation of indicators of misuse of declared facilities and/or diversion 
of declared nuclear material from peaceful activities.

The application of C/S systems is complementary to the accounting meas-
ures implemented in accordance with the State’s safeguards agreement. As 

35 Undeclared irradiation of fertile material (thorium-232 or uranium-238) could be 
carried out to produce fi ssile material (U-233 or Pu-239).
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C/S devices make use of the local design features of the facility, equipment 
or item (e.g., nuclear material in a storage container or vault), their applica-
tion is dependent on a number of factors. Such factors include defi ning the 
objective of applying such safeguards measures (e.g., whether it is an indica-
tor of possible diversion of nuclear material, an indicator of possible misuse 
of sensitive equipment or process, or an indicator of possible tampering 
with IAEA safeguards equipment). Other factors include, but are not 
limited to, the type and form of nuclear material (to the extent applicable), 
design information on the containment equipment or facility, and alterna-
tive safeguards measures to meet the same objective. As a practical matter, 
C/S systems are typically utilized in situations where they offer improved 
safeguards effi ciencies or effectiveness, contribute to improvements in 
personnel safety, health and radiation protection, or are attached to 
IAEA equipment and other sensitive items (e.g., a sealable pouch contain-
ing facility design information) to provide an indication of possible 
tampering.

For example, we hypothetically consider a large number of containers of 
nuclear material containing low-enriched uranium oxide powder in a sepa-
rate storage area of a facility, where they are to be stored for many years 
before fi nal disposition. The fi rst time a physical inventory verifi cation is 
conducted at the facility, the time-consuming task of performing detailed 
measurements and assays of the nuclear material in the containers will be 
conducted. During subsequent physical inventory verifi cations, some of the 
inspection activities might be reduced or eliminated by the application of 
an appropriate IAEA C/S measure(s). In the example provided, installation 
and use of the containment (or surveillance) system is based in part on the 
cost-effectiveness of the approach. When considering the application of 
such measures, the IAEA will consult the State in advance of any installa-
tion, and they will jointly decide on the merits of any increased effi ciencies 
to be achieved.

If an AP is also in force, normally the State could expect that the fi rst 
time a complementary access is requested is after the State’s initial AP 
declarations are received and reviewed by the IAEA. In practice, after the 
initial AP declarations are submitted, AP update declarations are routinely 
sent by the State and the majority of complementary accesses conducted 
are to assure the absence of undeclared nuclear material and activities at 
the selected location(s). From time to time, there may be ‘questions’ or 
‘inconsistencies’ that arise. Experience shows that when the responsible 
national authority (e.g., SSAC if so designated) consults early and works 
closely with the IAEA, especially to resolve the questions or inconsistencies 
in a timely manner, then assurances that a State’s nuclear programme is 
entirely for peaceful purposes can be strengthened. In this regard, the 
State’s non-proliferation objectives are being achieved.
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In time, the SSAC personnel could expect to include the following func-
tional activities in their routine (i.e., day-to-day) safeguards-related 
activities:

• Periodic conduct of physical inventory takings of safeguarded nuclear 
material

• Provision of accounting reports and operating records to IAEA in 
accordance with the Safeguards Agreement and the relevant Subsidiary 
Arrangements

• Provision of IAEA inspector and technician access to relevant locations 
and strategic points

• Provision of support (e.g., availability of crane operator, refuelling 
bridge) during the conduct of on-site safeguards activities (e.g. inspec-
tions, C/S installation and maintenance)

• Provision of information and close consultation with the IAEA as 
appropriate to resolving inconsistencies or open issues

• Conduct of follow-up actions associated with resolution of discrepancies 
and open anomalies

• Training to maintain or enhance technical skills and abilities of the 
SSAC and operator personnel

• Development and/or revision of organizational practices, standards, 
policies and procedures relevant to safeguards implementation

• Consultation in the drafting and updating of Subsidiary Arrangements
• Purchase and maintenance of SSAC-owned safeguards equipment.

With time and experience, the SSAC role becomes more familiar to the 
personnel involved, especially during the conduct of on-site safeguards 
activities (e.g., inspections, complementary accesses, design information 
verifi cation visits).

13.3.4 Safeguards conclusions

The IAEA’s goal has been, and remains today, to draw soundly based safe-
guards conclusions through effective and impartial implementation of safe-
guards agreements. In fact, the IAEA’s safeguards conclusions regarding 
correctness and completeness of a State’s declaration for States with com-
prehensive safeguards agreements in force depends on the extent to which 
the Agency is equipped to detect undeclared nuclear material and activities 
in such States. Under a safeguards system that is based on INFCIRC/153 
(Corrected) (IAEA, 1972) alone, the IAEA is limited in its ability to assess 
undeclared nuclear material and activities. It is recognized that with the 
AP-related access provisions, availability of expanded State-declared infor-
mation and broader access to locations in the State, the Agency’s capability 
to detect and deter undeclared nuclear material or activities is signifi cantly 
advanced.
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When both a CSA and an AP are in force for a NNWS, and the IAEA 
fi nds that there is no indication of the diversion of declared nuclear material 
from peaceful activities, and no indication of undeclared nuclear material 
and activities for that State, the IAEA is able to draw a safeguards conclu-
sion for the State that ‘all nuclear material remained in peaceful activities’. 
However, if the evaluations regarding the absence of undeclared nuclear 
material and activities for a State remain ongoing as part of the State evalu-
ation process, then the IAEA concludes for the State that ‘declared nuclear 
material remained in peaceful activities’.

In those NNWSs where a CSA is in force alone (i.e., AP is not in force), 
based on the IAEA’s fi ndings that there is no indication of the diversion of 
declared nuclear material from peaceful activities in the State, the IAEA 
is able to draw a conclusion that the ‘declared nuclear material remained 
in peaceful activities’ for that State.

In the case of NNWS Parties to the NPT who have not yet brought com-
prehensive safeguards agreements with the IAEA into force as required 
by Article III of the NPT, the IAEA cannot draw any safeguards 
conclusions.

13.4 Non-proliferation responsibilities

The issue of proliferation extends beyond the NPT and the corresponding 
NNWS’s obligation to accept safeguards on all source or special fi ssionable 
material and to undertake a comprehensive safeguards agreement with the 
IAEA. As this book is focused on infrastructure and methodologies for the 
justifi cation of nuclear power programmes, the three milestones36 described 
in the Milestones publication (IAEA, 2007a) are the focus of the detailed 
discussion on non-proliferation in this subsection. The information is orga-
nized by the essential obligation/commitment undertaken by a NNWS 
Party to the NPT, with associated safeguards requirements linked to the 
relevant milestone(s) in IAEA (2007a).

In generic terms, prior to reaching Milestone 1, the State is normally 
working to acquire a comprehensive understanding of the requisite obliga-
tions and commitments involved. Once a decision to proceed with the 
infrastructure development is made, the State organizes the national means 
and plans needed to successfully implement the decision while progressing 
towards Milestones 2 and 3. As a State advances with its nuclear energy 
plans, it would be benefi cial for the State to periodically perform a self-
assessment, keeping in mind some example metrics presented in Table 13.1.

36 Milestone 1 is defi ned as when the State is ready to make a knowledgeable com-
mitment to a nuclear power programme as it pertains to each of 19 issues, one of 
which is safeguards; Milestone 2 is defi ned as when a State is ready to invite bids 
for the fi rst nuclear power plant; Milestone 3 is defi ned as when a State is ready to 
commission and operate its fi rst nuclear power plant.
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Table 13.1 Example State-level metrics for IAEA milestones: safeguards

Milestone no. State-level metrics relevant to safeguards (to be 
achieved prior to reaching the identifi ed milestone)

1* 2** 3***

X Understood the level of safeguards commitment 
required for the full life cycle of a nuclear power plant.

X Established a plan or road map for safeguards 
implementation.

X Committed to developing its nuclear power 
infrastructure transparently.

X Acceded to, or completed a decision process/plan for 
joining, appropriate international and regional legal 
treaties and conventions (e.g., Treaty on the Non-
Proliferation of Nuclear Weapons).

X Concluded a comprehensive safeguards agreement with 
the IAEA conforming to INFCIRC/153 (Corrected), and 
where applicable, placing in force an additional 
protocol modelled on INFCIRC/540 (Corrected).

X Established a National Authority as the technical 
interface to the IAEA (i.e., SSAC) with the necessary 
authority, resources, and technical capability.

X Submitted, or in the process of submitting, requisite 
information to the IAEA in accordance with relevant 
safeguards obligations (e.g., initial report on inventory 
of nuclear materials and facilities, early provision of 
facility design information, AP-relevant declarations as 
applicable).

X Developed, or progressing in a programme plan for 
developing, a comprehensive framework covering all 
aspects of non-proliferation (e.g., nuclear-related 
import/export controls, use/ownership of nuclear 
material) including safeguards.

X Established a state system of accounting for and control 
of nuclear material which meets IAEA requirements.

X Concluded, or progressing in the development of, 
Subsidiary Arrangements with the IAEA, including 
relevant Facility Attachment(s).

X Established the organizational elements at the State and 
facility level with the responsibility to ensure the 
non-proliferation of nuclear materials and technologies 
in accordance with relevant legal instruments.

X Established, or progressing in the implementation of, an 
outreach programne for maintaining transparency of 
the nuclear power programme.

* Milestone 1 is defi ned as when the State is ready to make a knowledgeable 
commitment to a nuclear power programme as it pertains to each of 19 issues 
outlined in the IAEA (2007a) publication.
** Milestone 2 is defi ned as when a State is ready to invite bids for the fi rst 
nuclear power plant.
*** Milestone 3 is defi ned as when a State is ready to commission and operate 
its fi rst nuclear power plant.
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13.4.1 Model comprehensive safeguards agreement

Milestone 1

The system of safeguards modelled on INFCIRC/153 (Corrected) (IAEA, 
1972) is designed to provide assurance about the exclusively peaceful use 
of nuclear material within the territory of a State, under its jurisdiction or 
carried out under its control anywhere. Such a comprehensive safeguards 
agreement (CSA) applies safeguards on all source and special fi ssionable 
material in all peaceful activities. As expressed in the Appendix to IAEA 
(2005a), concluding a safeguards agreement (and/or additional protocol) 
with the IAEA generally requires two or three steps:

 1. The State notifi es the Agency of its intention to conclude a safeguards 
agreement and/or an additional protocol, and asks the Agency to 
submit the draft text(s) to the IAEA Board of Governors for approval, 
in order for the Board to authorize the Director General to sign 
and implement it. The notifi cation should contain information on the 
applicable entry into force procedure (see step 3 below). The text(s) 
will then be submitted to the Board of Governors, which needs to 
authorize the Director General to sign, and will subsequently imple-
ment the agreement or protocol. After this, the documents are open 
for signature. Model letters are available from the IAEA (IAEA, 
2008b, Annexes 1 and 2).

 2. A representative of the State and the Director General sign the text(s). 
This may be done by the Head of State, Head of Government or Minister 
for Foreign Affairs or by any other government offi cial – such as the 
Resident Representative to the Agency – with full powers to sign.

 3. The State has two options to bring into force its safeguards agreement/
protocol: either upon signature or on the date the Agency receives 
from the State written confi rmation that its domestic requirements 
for entry into force have been met. If the latter option is applied, the 
third step required is for the State to provide such notifi cation to the 
Agency. Again, a model letter is available from the IAEA (IAEA, 
2008b, Annex 3).

From a State’s point of view, there are two fundamental points that a 
‘newcomer’ may want to keep in mind, especially when the NNWS is in the 
early stage of its considerations for launching a nuclear power programme 
(e.g., prior to Milestone 1):

 1. By taking transparent actions, a State’s national authority and nuclear 
facility operators convince their stakeholders that their efforts represent 
a positive, peaceful use of nuclear material and technology.
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 2. For the exclusive purpose of verifying fulfi lment of a State’s obligations 
assumed under the NPT,37 the IAEA is the international authority 
vested with the right and obligation to ensure that safeguards are 
applied on all source and special fi ssionable material in all peaceful 
activities.38

In connection with a CSA, the IAEA applies safeguards with a general 
working hypothesis: non-compliance cannot be excluded and there is low 
but non-zero probability that a diversion can take place. In this respect, the 
objective of IAEA safeguards is the timely detection of diversion (of 
nuclear material) and deterrence through a risk of early detection. The 
IAEA achieves this objective by the tasks it performs and the safeguards 
measures that are implemented. For all NNWSs party to the NPT, the task 
is verifying the correctness and completeness of a State’s declaration. 
Verifying the correctness of a State’s declaration refers to providing mean-
ingful assurance on the non-diversion of declared nuclear material, while 
verifying completeness of a State’s declarations refers to providing credible 
assurance on the absence of undeclared nuclear material and activities.39 
From the analysis of all information available to it, including the results of 
the IAEA’s fi eld and headquarters activities, the IAEA derives safeguards 
conclusions that are reported annually to the Board of Governors in the 
Safeguards Implementation Report (SIR) for the previous calendar year.40 
Any cases of non-compliance with safeguards agreements are also reported 
in the SIR. The kinds of conclusion(s) that can be drawn depend upon the 
agreements that are in force.41

37 Ref. Article III of the NPT.
38 The application of comprehensive safeguards may also arise from other instru-
ments, such as relevant regional treaties, bilateral agreements, or conditions of 
supply of nuclear-related items and technologies.
39 The IAEA Board of Governors has affi rmed that the scope of comprehensive 
safeguards agreements is not limited to nuclear material actually declared by a State, 
but includes any nuclear material that is required to be declared. That is, the Board 
confi rmed that the IAEA has the right and obligation, under CSA-type agreements, 
to verify both the correctness (i.e., that the declaration includes the type(s) and 
quantity(ies) of the State’s declared nuclear material holdings) and completeness 
(i.e., that everything is included that should have been declared) of the State’s 
declaration.
40 The IAEA’s fi ndings for a given State are recorded periodically in an internal 
document, known as a State Evaluation Report (SER). The report also includes any 
recommendations for follow-up action. The SER for such a State therefore includes 
the fi ndings related to the correctness of the State’s declaration. It also includes – to 
the extent possible in the absence of an additional protocol – the fi ndings with 
regard to the completeness of those declarations.
41 See Section 13.3.4 which explains the types of safeguards conclusions that may be 
drawn.
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In this respect, it is essential for ‘newcomer’ States to readily understand 
the obligations arising from implementation of a Model Comprehensive 
Safeguards Agreement (INFCIRC/153 (Corrected)) (IAEA, 1972). In 
terms of a State’s commitment, the reporting of nuclear material (e.g., all 
source and special fi ssionable material in all peaceful activities) and facili-
ties includes:

 1. Nuclear material which has reached the stage of processing where its 
composition and purity make it suitable for fuel fabrication or for iso-
topic enrichment

 2. Export and import of material containing uranium or thorium which 
has not yet reached that stage of processing

 3. Any nuclear material produced at a later stage
 4. Any existing or planned nuclear facility.

As a matter of procedure, once a safeguards agreement based on 
INFCIRC/153 (Corrected) (IAEA, 1972) enters into force, the NNWS has 
an obligation to declare all of its nuclear material and facilities to the IAEA 
(referred to as a State’s initial report).42 The initial report (i.e., State decla-
ration) is then verifi ed by the IAEA and maintained on the basis of account-
ing reports submitted by the State and verifi cation by the IAEA (for 
correctness and completeness).

Other important CSA-related obligations concern the State’s commit-
ment to:

• Establishing an effective system of accounting for and control of nuclear 
material

• Provision of timely access to the nuclear material, facilities and locations 
outside facilities43

• Provision of early design information for each nuclear facility (planned 
and existing).

42 A State has the obligation to update this information and to declare all new 
nuclear material and facilities which subsequently becomes subject to the CSA. 
The status of each State’s relevant safeguards agreement with the IAEA is 
available from http://www.iaea.org/OurWork/SV/Safeguards/sir_table.pdf. Other 
recommended Internet addresses: http://www.iaea.org/NewsCenter/News/2005/
strengthening_sg.html and http://www.iaea.org/About/Policy/GC/GC49/Documents/
gc49-9.pdf
43 Facility is defi ned in INFCIRC/153 (Corrected) and INFCIRC/540 (Corrected) 
as: ‘(i) A reactor, a critical facility, a conversion plant, a fabrication plant, a reproc-
essing plant, an isotope separation plant or a separate storage installation; or (ii) 
Any location where nuclear material in amounts greater than one effective kilogram 
is customarily used’. Locations outside facilities are defi ned in INFCIRC/540 
(Corrected) as ‘any location, which is not a facility, where nuclear material is cus-
tomarily used in amounts of one effective kilogram or less’.
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Milestones 2 and 3

In verifying the correctness of a State’s declaration, the IAEA applies 
nuclear material accountancy, complemented by containment and surveil-
lance measures. As indicated earlier, in a safeguards regime based only on 
INFCIRC/153 (Corrected), the IAEA does not have all the tools necessary 
to fully assess the completeness of the State’s declaration.44 Despite the 
limitations, the IAEA does evaluate whether there are any indications of 
undeclared nuclear material and activities as part of a State evaluation 
process.45 However, without the additional measures available under the 
AP, the IAEA remains unable to draw a conclusion on the absence of 
undeclared nuclear material and activities in the State as a whole.

Consequently, the focus of IAEA safeguards in these NNWSs has been 
to independently verify the correctness of the State’s nuclear material 
accounting and operating records and reports that are maintained by the 
facility operators and the SSAC. This requires that the State provide accu-
rate and complete declarations on all nuclear material and facilities/LOFs 
in order that appropriate safeguards measures can be implemented and 
relevant IAEA verifi cation activities completed.

The IAEA verifi cation activities for a NNWS with only a CSA in force 
are performed in accordance with prescribed requirements.46 The technical 
requirements specify the activities considered necessary by the IAEA to 
provide a reasonable probability of detecting the diversion of a signifi cant 
quantity of nuclear material from declared facilities and locations outside 
facilities. These IAEA verifi cation activities are carried out during inspec-
tions and design information examination/verifi cation visits.

Under a CSA, there are three types of inspections, each with defi ned 
IAEA access. In simple terms, these include:

 1. Ad hoc inspections, which typically are made to verify a State’s initial 
report on the nuclear material subject to safeguards, or reports on 
changes thereto, and to verify the nuclear material involved in interna-
tional transfers. The IAEA’s right of access is to any location where the 

44 Though safeguards strengthening measures implemented since the mid-1990s 
have increased the relative ability of the IAEA to detect undeclared nuclear mate-
rial and activities, the activities that the Agency may conduct in this regard are 
limited for a State without an additional protocol.
45 The State evaluation process is the IAEA’s ongoing (i.e., continuous) approach 
to evaluation of all the information available to the Agency in exercising its rights 
and fulfi lling its safeguards obligations.
46 Technical safeguards criteria are established for each type of facility under safe-
guards and specify the scope, the normal frequency and extent of the verifi cation 
activities needed to achieve the inspection goals at such facilities. They are used 
both for planning the implementation of verifi cation activities and for evaluating 
the results arising from such activities.
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initial report, or any inspections carried out in connection with it, indi-
cate that nuclear material is present.

 2. Routine inspections, which are carried out to verify the declared nuclear 
material and to verify the consistency of the Operator’s records with the 
State’s reports. These inspections may be conducted according to a 
defi ned schedule or they may be of an unannounced (or short-notice) 
character.47 IAEA access is limited to strategic points defi ned in the 
relevant Subsidiary Arrangements and to locations with relevant records.

 3. Special inspections, which may be carried out in circumstances according 
to defi ned procedures, if the IAEA considers that information made 
available by the State concerned, including explanations from the State 
and information obtained from routine inspections, is not adequate for 
the Agency to fulfi l its responsibilities under the safeguards agreement. 
Access to information and/or to locations other than those specifi ed for 
ad hoc and routine inspections may be made.

In addition to the above inspections, design information verifi cation visits 
(called DIVs) to nuclear facilities may be conducted. Such visits would 
occur at appropriate times during the lifecycle of a declared facility, in order 
that the IAEA can verify the safeguards-relevant design information. For 
example, such visits may be carried out as follows:

• During construction of a nuclear power plant to determine the com-
pleteness of the declared design information

• Periodically during routine facility operations and/or following a plant 
maintenance outage to confi rm that no safeguards-relevant modifi ca-
tion was made to the NPP that would allow unreported activities to take 
place

• As part of a facility decommissioning to confi rm that essential equip-
ment was removed or rendered unusable.

The information above is intended to be a helpful addition to understanding 
the State’s safeguards obligations referred to in Milestones 1–3 in the IAEA 
Milestones document (IAEA, 2007a).

13.4.2 Model additional protocol

Milestone 1

In response to developments in the 1990s (e.g., Iraq’s clandestine nuclear 
weapons programme, South Africa’s nuclear weapons programme), the 
IAEA developed and implemented additional, strengthened safeguards 
47 Paragraph 84 of INFCIRC/153 (Corrected) provides the IAEA with the right to 
conduct a portion of the routine inspections without advance notice. Under such a 
safeguards agreement, unannounced inspections are carried out in accordance with 
the principle of random sampling.
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measures. Part of the strengthening measures approved by the IAEA Board 
of Governors and complementary to the safeguards agreement with a State 
is the ‘Model Protocol Additional to the Agreement(s) between State(s) 
and the International Atomic Energy Agency for the Application of 
Safeguards’ (INFCIRC/540 (Corrected)) (IAEA, 1997a). Following the 
IAEA Board of Governors approval in May 1997, the IAEA began con-
cluding with those States that already had a safeguards agreement an addi-
tional protocol based on the provisions of a standard reproduced in 
INFCIRC/540 (Corrected).

When an AP is in force in a NNWS, the relevant articles of the AP oblige 
the State to provide additional information to the IAEA beyond that 
required under a CSA. The State’s submissions are referred to as AP dec-
larations. In very general terms, the AP declarations articulate all nuclear 
fuel cycle-related activities and facilities in the State (e.g., nuclear research 
and development not involving nuclear material, mining and milling), 
thereby going beyond the information required by the CSA (which is essen-
tially focused on nuclear facilities and nuclear material). Beside the avail-
ability of broader information concerning a State’s nuclear fuel cycle, the 
implementation of an AP in a State also permits the IAEA to access loca-
tions in the State or under its control (i.e., beyond declared nuclear facilities 
and LOFs) for any of the following purposes:

 1. On a selective basis in order to assure the absence of undeclared nuclear 
material and activities

 2. To resolve a question relating to the correctness and completeness of 
the information provided pursuant to the AP or to resolve an inconsis-
tency relating to that information

 3. For the Agency to confi rm, for safeguards purposes, the decommis-
sioned status of a facility or of a LOF where nuclear material was cus-
tomarily used.

Due recognition should be given to the fact that it is a State’s sovereign 
decision whether to place an AP in force, and as such, there are many 
important domestic and international considerations a State may have to 
address before it is willing to accept the relevant AP obligations. To date, 
over 100 States have an AP in force. These States have elected to do so in 
order to increase the effectiveness and effi ciency of safeguards applied in 
the State and/or such action represents a continuing contribution to their 
international and national non-proliferation goals.

Milestones 2 and 3

It would be expected that once a State makes a decision to proceed with 
the infrastructure development (i.e., Milestone 1 is achieved), the State 
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organizes the national means and plans needed to successfully implement 
its decision while progressing towards Milestones 2 and 3. If the State is 
contemplating whether to conclude an additional protocol to its safeguards 
agreement with the IAEA, it will necessarily want to understand the con-
tents of the Model Additional Protocol (INFCIRC/540 (Corrected)) (IAEA, 
1997a). Due to their direct relevance to drawing a safeguards conclusion, 
the relevant articles of the AP which cover the provision of information 
and complementary access will be discussed further.

Provision of information

Articles 2 and 3 of the AP specify the State’s obligation for submitting 
timely declarations containing additional nuclear fuel cycle-related infor-
mation. In very generic terms, Article 2 requires that the State provide the 
IAEA with declarations containing information on all parts of a State’s 
nuclear fuel cycle – including that which is not required by the State’s com-
prehensive safeguards agreement such as uranium mines, nuclear-related 
manufacturing locations, and nuclear waste sites – as well as any location 
where nuclear material is or may be present. This would include, for example, 
information on:

• Research and development activities related to its nuclear fuel cycle48 
including those not involving nuclear material

• All buildings (permanent and temporary) on each declared nuclear site, 
and upon request of the IAEA, identifi ed locations outside a site which 
the IAEA considers might be functionally related to the activities of 
that site49

• Locations engaged in the activities relating to the manufacture and 
export of sensitive nuclear-related technologies50

• Exports, and upon a request by the IAEA, imports of specifi ed equip-
ment and non-nuclear material51

• Uranium mines and concentration plants, as well as thorium concentra-
tion plants

• Source material which has not reached the starting point of safeguards 
as defi ned in INFCIRC/153 (Corrected)

48 Nuclear fuel cycle-related research and development activities are defi ned in 
Article 18 of the AP.
49 Site is defi ned in Article 18 of the AP.
50 The list of activities is specifi ed in Annex I of the AP, and may be amended from 
time to time upon agreement by the Board of Governors.
51 The list of specifi ed equipment and non-nuclear material is specifi ed in Annex I 
of the AP, and may be amended from time to time upon agreement by the Board 
of Governors.
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• Exempted nuclear material
• Processing and storage of high or intermediate level waste containing 

plutonium, highly enriched uranium or uranium-233 material for which 
safeguards have been terminated

• Long-term plans for the State’s nuclear fuel cycle development (cover-
ing a 10-year period).

Whereas Article 2 defi nes what is to be provided, Article 3 delineates when 
the information is to be provided, both initially and on a routine update 
basis.52 Depending on the specifi c Article 2 provision, the relevant update 
needs to be transmitted (in accordance with Article 3) either quarterly, 
annually, as requested by the IAEA, or as agreed with the IAEA. There 
are the following important practical considerations a ‘newcomer’ State 
may want to keep in mind regarding the provision of information.

• Factors such as the site complexity, regulatory responsibilities, leasing 
arrangements that include tenants that may or may not be related to 
the nuclear fuel cycle (e.g., private companies), the temporary existence 
of construction tents, level of descriptive information to provide, could 
all add to the complications of preparing the requisite AP declaration. 
Early discussions with the IAEA, and perhaps other SSACs, are likely 
to make the process less daunting.

• The IAEA developed guidelines in 1997 to assist in the preparation and 
formatting of the AP declaration. Since then, the guidelines (IAEA, 
2004) have been updated and reissued, and should be considered as an 
additional source of helpful information.

• It should not be considered unusual if the IAEA has a need for ampli-
fi cation or clarifi cation of information submitted by the State pursuant 
to the AP. If such an occasion arises, the responsible National Authority53 
will be informed accordingly, and as experience shows, often the issue 
can be addressed through timely communication between the State and 
IAEA.

• It is a relatively more serious safeguards matter when a question or 
inconsistency is brought to the attention of a State. In such cases, it is to 
the benefi t of all parties to resolve the issue(s) in a timely manner 

52 A State with no nuclear facilities and no nuclear material will still need to send 
an AP declaration pursuant to each Article 2 provision, which should state ‘None’ 
if there is nothing to report. A State which has submitted a declaration previously, 
and must now submit an update to that declaration pursuant to Article 3, should 
specify either ‘No change’ (if there are no changes from the previously reported 
declaration(s)), or only the changes that need be reported in the updated 
declaration.
53 It is the State’s responsibility to designate a responsible National Authority for 
implementing the measures prescribed by the relevant AP. Often this is SSAC for 
practical reasons, though it is not a requirement.
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through close consultation and good cooperation between the State and 
the IAEA.

• Computer software54 to help States with the submission of their AP 
declarations is available from the IAEA.

Complementary access (CA) is a measure which complements the access 
rights in the relevant Safeguards Agreement by provisioning the right of 
the IAEA to go to certain additional locations in a State for specifi c reasons 
as provided for in the AP. Complementary access is not an inspection, nor 
is it a right for the IAEA to go anywhere in a State for any reason what-
soever. Its implementation is exercised by the IAEA in accordance with 
the relevant articles of the AP.

With reference to the provisions of Articles 5 and 9 of the Model 
Additional Protocol (INFCIRC/540 (Corrected)) (IAEA, 1997a), the 
IAEA has a right to access all places on the declared sites of facilities and 
locations outside facilities, all other places where nuclear material is declared 
located, decommissioned facilities and LOFs, locations declared by the 
State where other nuclear fuel cycle-related activities are conducted, and 
other locations (under certain circumstances).55 When a complementary 
access is to be performed by the IAEA, it must always be carried out in an 
objective and impartial manner. Normally, it is initiated via written corre-
spondence from the IAEA to the State.56 The advance notifi cation to the 
State specifi es the location(s) to be accessed, along with the reasons for 
access and the activities to be carried out during such access. The list of the 
authorized activities to be performed depends on the location to be accessed. 
Examples of such activities, as refl ected in Article 6 of the Model AP, 
include visual observation; collection of environmental samples; use of 
radiation detection and measurement devices; examination of safeguards 
relevant production and shipping records; examination of records relevant 
to the quantities, origin and disposition of material; and/or placement of 
seals and other identifying and tamper-indicating devices specifi ed in 
Subsidiary Arrangements.57

54 The current version of the IAEA software is referred to as Protocol Reporter 2, 
development of which was completed in 2008.
55 This includes locations of nuclear fuel cycle research and development not involv-
ing nuclear material; locations declared as manufacturing items listed in Annex I of 
the AP; locations declared as receiving imports of items listed in Annex II of the 
AP; and locations outside a site that the IAEA considers might be functionally 
related to a declared site.
56 Under Article 8 of the AP, the State may offer access to locations in addition to 
those referred to in Articles 5 and 9, or it may request the Agency to conduct veri-
fi cation activities at a particular location.
57 Other objective measures may be authorized under prescribed conditions, such 
as if demonstrated to be technically feasible, their use has been agreed by the Board 
of Governors and/or after consultation between the IAEA and the State.
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Experience shows that a complementary access can be conducted effi -
ciently and effectively the more technically capable the National Authority 
representative is (regarding the use of IAEA authorized equipment, col-
lection of environmental samples, and other safeguards measures permitted 
under the AP). At certain times, for reasons relating to the sensitivity of 
information,58 a State seeks to manage access to selected equipment, tech-
nology and processes. In such cases, the State may request ‘managed access’ 
provision in accordance with Article 7 of the protocol. These considerations 
are a normal part of the conduct of a complementary access, and the IAEA 
inspectors are trained to consult with the designated National Authority 
and the operator to fi nd appropriate alternative methods or options to 
achieve the objectives of the complementary access.

Depending on the needs of the State concerned, the IAEA may be able 
to offer other services and technical assistance, such as AP-specifi c training 
or regional workshops on safeguards implementation. In addition, several 
countries (such as Australia, Japan and the United States) have in the past 
supported outreach programmes for developing countries, including spon-
sorship of regional or international seminars and training workshops, which 
may serve to enhance a State’s technical capability and/or readiness for 
implementing the AP and its related safeguards commitments. Contact 
through the respective government mission to the IAEA or directly through 
the IAEA will often provide an understanding of such possibilities.

One benefi t arising from the implementation of the AP is that integrated 
safeguards (IS) can be implemented in a State where the IAEA has been 
able to draw a broader safeguards conclusion for the State.59 IS refers to an 
optimized combination of all safeguards measures available to the IAEA 
under the CSA and AP, to maximize effectiveness and effi ciency within 
available resources.60 With the increased assurances of the absence of unde-
clared nuclear material and activities in the State as a whole, implementa-
tion of IS takes into account a reduction in the traditional level of safeguards 
verifi cation effort expended on less sensitive nuclear material (e.g., low 
enriched, natural and depleted uranium and irradiated fuel). For States with 

58 The State may make arrangements (referred to as ‘managed access’) with the 
IAEA to prevent the dissemination of proliferation sensitive information, to meet 
safety or physical protection requirements, or to protect proprietary or commer-
cially sensitive information.
59 As part of the State evaluation process, once the IAEA fi nds no indication of the 
diversion of declared nuclear material from peaceful nuclear activities and no indi-
cation of undeclared nuclear material or activities, it may issue a ‘Broader 
Conclusion’ that all nuclear material remained in peaceful activities.
60 See IAEA publication The Safeguards System of the International Atomic Energy 
Agency, Para. 49, p. 14, available from http://www.iaea.org/OurWork/SV/Safeguards/
safeg_system.pdf
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an expanded nuclear fuel cycle, this has been shown to have a signifi cant 
impact on resource utilization (i.e., shifting the focus to nuclear facilities, 
activities and material with higher strategic value). The same benefi ts are 
available to countries embarking on an expanded nuclear power pro-
gramme; therefore, incorporation of the AP as part of a country’s safe-
guards obligation should be given due consideration, if it is not already in 
force.

Should a NNWS decide positively on the inclusion of the AP as part of 
its safeguards agreement with the IAEA, the IAEA should be consulted 
early for the provision of advice and support to place the protocol in force. 
During this process, the State will need to determine which National 
Authority should have the responsibility for assuring that the objectives of 
the AP are fully achieved. As part of its options, it may consider adding the 
AP-related responsibilities to those of its designated SSAC. It is not a 
requirement, but many countries fi nd this benefi cial to both the State and 
the IAEA. In any case, examples of the type of AP-related responsibilities 
given to the National Authority include:

• Coordination and preparation for the submittal of relevant AP 
declarations

• Verifi cation of declarations for correctness and completeness
• Processing and transmittal of declarations to the IAEA
• Responding to IAEA requests for additional information or 

clarifi cation
• Facilitating the conduct of complementary access
• Resolving any AP-related questions and inconsistencies.

13.4.3 State system of accounting for and control 
of nuclear material

Milestones 1–3

Conceptually, in a safeguards regime, the national objective of the SSAC is 
to account for and control all nuclear material in the State. The interna-
tional objective of the SSAC is to provide the essential basis for the applica-
tion of IAEA safeguards and to support relevant regional or bilateral 
safeguards (such as those relating to nuclear-weapons-free zone treaties). 
In practice, many SSACs aim to meet both the national and international 
objectives for nuclear material accounting and control, plus the interna-
tional objective of complying with other safeguards obligations (e.g., AP if 
in force, relevant nuclear-weapon-free zone treaty commitments, bilateral 
agreements with other States). In meeting these objectives, the main fea-
tures of an SSAC would generally include at a minimum:
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• The National Authority designated as the SSAC is independent of the 
facility operators.

• A framework is established (including legal and organizational ele-
ments) that codifi es the SSAC’s areas of responsibility, authority and 
regulation/control.

• Organizational and functional elements to support the safeguards 
regime are in place at the State level.

• Organizational and operational elements to support the safeguards 
regime are in place at the facility level as applicable.

From an operational point of view, the functions of an SSAC are carried 
out at two levels: the State level, implemented by the National Authority 
designated as the SSAC, and the facility level, which is implemented by 
facility operators. The State level is often responsible for the establishment 
of performance standards and implementation of safeguards requirements, 
and secondly, for confi rming that the standards are maintained and the 
requirements met. An example of a performance standard is that the state 
system of accounting for and control of nuclear material61 is effective 
concerning:

 1. Maintaining and processing records of all nuclear material (showing 
types, amounts, locations, transfers) and of responsible individuals

 2. Evaluating and reviewing the operation of the system for loss mecha-
nisms, shipper/receiver differences, Material Unaccounted For (MUF), 
and measurement uncertainties associated with MUF.

An example of a safeguards requirement, by contrast, is that the SSAC is 
able to:

 1. Support and maintain records of IAEA activities in the State (inspec-
tions and complementary access)

 2. Handle the information required by regional or bilateral safeguards 
agreements with other States

 3. Prepare reports and declarations for internal evaluation and for submis-
sion to outside bodies (e.g., the IAEA, other States and the Government), 
including AP declarations required by Articles 2 and 3 (if the AP is in 
force)62

61 In this context, SSAC refers to the nuclear material accounting and control system 
(including the relevant hardware, software, procedures, policies and practices), and 
not to the National Authority which is also referred to as the SSAC.
62 The AP requires some reporting on additional nuclear material (e.g., source or 
exempted material). There is no requirement for a State to designate the SSAC as 
entity responsible for the additional protocol implementation; experience shows 
however, there is an advantage for a State to extend the AP-related responsibilities 
to the same National Authority as the SSAC as it is experienced in working with 
the IAEA.
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 4. Assemble the safeguards relevant information together, facilitate analy-
sis, and record fi ndings

 5. Report to the Government.

To confi rm that the standards are maintained and the requirements met, 
the SSAC may consider the conduct of an audit and verifi cation programme 
with the following objectives:

 1. Verifying the correctness and completeness of submitted accounting 
and operating records and evaluating data for abnormal trends

 2. Examining the facility design information and available/proposed oper-
ating practices presented in the nuclear facility licence/permit applica-
tion to see if relevant safeguards objectives can be met

 3. Ensuring the capability and performance of operators to account for 
and control nuclear material as required by both the State and the 
IAEA

 4. Ensuring the accounting and control measures are adequate and effec-
tive to conclude the absence of unauthorized removal or use of the 
nuclear material

 5. Conducting inspections during construction, commissioning and start-
up of a facility, to confi rm that the approved nuclear material accounting 
and control arrangements have been implemented

 6. Performing audits investigating the qualifi cation and training of key 
personnel

 7. Performing audits investigating the accuracy of nuclear material mea-
surement systems

 8. Verifying the correctness and completeness of submitted additional pro-
tocol declarations (if applicable).

At the facility level, the operator is confronted with implementing the 
relevant safeguards requirements contained in the CSA and AP (if in 
force), in addition to its other requirements mandated by the State (e.g., 
safety, security, radiation protection in accordance with the facility operat-
ing licence and other requisite permits/licences at the national, regional or 
local level). From a safeguards perspective, this involves meeting or exceed-
ing the safeguards-relevant standards and performance requirements laid 
down by the SSAC. In this respect, some of the most important safeguards-
related functions to be performed by an operator involve:

 1. Maintaining a system of nuclear material accounting and control, and 
reporting of nuclear material accounting and operating records

 2. Maintaining and reporting safeguards-relevant facility design informa-
tion (including, in cases of planned facilities, the early provision of 
design information) and facility design changes

 3. Preparing and reporting additional protocol-relevant information, if 
applicable
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 4. Responding to IAEA or SSAC requests for clarifi cation or 
explanation

 5. Provisioning IAEA access to appropriate locations for the conduct of 
inspections, design information verifi cation visits, and where applicable, 
complementary access, or for purposes related to the application of 
IAEA containment and surveillance systems (e.g., installation, mainte-
nance, servicing, removal)

 6. Addressing questions or inconsistencies identifi ed by the IAEA or 
SSAC

 7. Resolving any open discrepancy or anomaly if applicable.

13.4.4 Developing an effective SSAC

Milestone 1

In the early stages of development of a State’s nuclear power programme, 
valuable advice on staffi ng levels and organizational structure/responsibili-
ties may be realized by asking other SSACs on their experience and per-
spectives. In doing so, the questioner will be exposed to various organizational 
concepts and experiences, and at the same time, will see there are a variety 
of views on other State responsibilities that may be assigned to the SSAC 
staff (e.g., responsibility for safety, security, import/export control, safe-
guards training). Such input is also helpful when assessing what may be 
needed in order to increase the effectiveness of an established SSAC, and 
determining how best to tailor the responsibilities and staffi ng level of the 
SSAC to the individual needs of the host country.

The size of an SSAC organization is ultimately determined by the respon-
sibilities assigned to it, fi nancial considerations and the experience level and 
effectiveness of the staff members in carrying out their assigned responsi-
bilities. An SSAC may require only one or two professional staff in the 
beginning, assuming only a CSA is in force, there are no nuclear facilities, 
and there are no or only small quantities of safeguarded nuclear materials 
in the State. As the nuclear programme in the State is developed further, 
such as when the fi rst nuclear power plant (or research reactor) is under 
construction or an AP is to be brought into force, the State would want to 
start looking ahead as the required technical capacity/capability of the 
SSAC will need to grow in size and importance.

Milestones 2 and 3

Naturally, the more developed a State’s nuclear fuel cycle becomes, the 
greater is the need for personnel resources in the SSAC. In this respect, 
consider a State with both a CSA and an AP in force, with nuclear fuel to 
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be delivered to the State’s fi rst nuclear power plant and reportable but 
limited nuclear research and development in the country. In such a situa-
tion, the SSAC may fi nd that three to fi ve dedicated staff 63 is the minimum 
necessary to feel well positioned to address all safeguards-relevant require-
ments arising from the CSA and AP.

Other IAEA experience has demonstrated that a properly equipped, 
technically competent and capable SSAC can positively contribute to the 
IAEA’s ability to confi rm that a State’s use of nuclear energy is exclusively 
for peaceful purposes. It is part of the reason why the IAEA sponsors 
regional SSAC training courses and offers various forms of technical assist-
ance and other services associated with the application of safeguards. Two 
of these IAEA advisory services, for example, are the Integrated Nuclear 
Infrastructure Review (INIR) and the IAEA SSAC Advisory Service 
(ISSAS).

The INIR focuses on a holistic overview of national infrastructure devel-
opment within a State with the objective to review the overall status of the 
development of the national nuclear power programme.64 In advance of this 
mission, the IAEA also offers a Milestones mission (to provide an overview 
of an integrated approach to nuclear power planning) and self-assessment 
support (to assist a State with the process for conducting a self-assessment 
as well as how to understand the basis of evidence for each of the 19 issues 
in the evaluation methodology provided in IAEA Milestones document 
(IAEA, 2007a)). In any case, it may be reassuring to the ‘newcomer’ that 
the IAEA will undertake to explain the IAEA guidance publications and 
available services, and discuss future actions the State may wish to take.

The ISSAS65 mission provides a requesting Member State, through the 
relevant National Authority, with recommendations and suggestions for 
improvements to its SSAC. These IAEA missions seek to evaluate the regu-
latory, legislative, administrative and technical components of the SSAC at 
both the State and facility level, and assess how the SSAC meets the obliga-
tions contained in the State’s safeguards agreement and AP as applicable.

In addition to the above advisory services, periodically the IAEA spon-
sors international SSAC training courses to further develop the technical 

63 Consideration should be given to the higher range when the safeguards-experi-
ence level of the staff is limited, as these staff will require more time training and 
may be less effective in developing and implementing the safeguards policies and 
procedures compared to their more experienced colleagues.
64 An IAEA brochure giving guidelines for the team leader and team members 
conducting an INIR is available from http://www-pub.iaea.org/MTCD/publications/
PDF/INIR_Booklet.pdf
65 Such a mission is conducted using the ISSAS Guidelines – Services Series 13, 
IAEA, Vienna, November 2005, available from http://www-pub.iaea.org/MTCD/
publications/PDF/svs_013_web.pdf
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capability and effectiveness of staff in the national authorities and facility 
operator(s) with the role and responsibility for the SSAC functions. Further, 
some Member States to the IAEA also provide technical support and other 
services to enhance an SSAC capability and performance. A key point here 
is that depending on a State’s self-assessed needs, a State undertaking to 
build a nuclear power programme may fi nd it benefi cial to have a team of 
outside experts review the existing infrastructure, and offer safeguards-
relevant recommendations regarding such complex issues as:

• Requirements for nuclear material accounting and control (including 
international transfers)

• Conditions for possession of nuclear material (e.g., who can own, trans-
fer, and/or use nuclear material, and under what conditions)

• Requirements for prompt notifi cation in the event of losses, unauthor-
ized use, removal of nuclear material, and responses to them

• Requirements for submission of CSA and AP declarations
• Legal authority for the SSAC to impose its requirements
• Requirements for granting access to State and IAEA inspectors.

Globally, regionally and at the national level, increased safeguards effec-
tiveness may also arise through other State-initiated actions as well. In this 
regard, a State may wish to consider, in the context of its national 
interests:

• Assigning functional responsibility to the SSAC as the point of contact 
for regional or bilateral safeguards matters with other regional/interna-
tional organizations

• Integration of Safety, Security and Safeguards (3S) functions and respon-
sibilities (Kovacic et al. (2009) have developed a recommended starting 
point for discussion on the 3S concept)

• Assessing whether there are actionable steps that may be taken to 
maximize the non-proliferation benefi t arising from Article VIII.A of 
the Statute of the IAEA which specifi es that ‘each member should make 
available such information as would, in the judgment of the member, be 
helpful to the Agency’

• Participation in the IAEA’s Member State Support Program consistent 
with national capability and resources

• Participation in and/or sponsorship of safeguards-relevant training at 
the international, regional and national levels consistent with national 
capability and resources

• Provision of safeguards technical assistance to responsible facility oper-
ators and other stakeholders in the State.

At the same time, the SSAC and facility operators also have much to gain 
by consulting early with the IAEA. For example, early consultations are 
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shown to have a positive impact on the ability of the SSAC and nuclear 
facility operators to work effectively with the IAEA inspectors to verify an 
initial inventory of declared nuclear material, or they have helped to ensure 
that the SSAC provides timely, correct and complete State declarations to 
the IAEA, or they have enhanced the facility operator’s ability to facilitate 
timely access and support during inspections, facility design information 
verifi cation visits or complementary accesses.

At this juncture, it may be self-evident that the SSAC will be actively and 
routinely working towards fulfi lment of the State’s safeguards-relevant 
obligations as part of achieving Milestones 2 and 3, including for example, 
the provision of the requisite information to the IAEA, facilitating IAEA 
access to facilities and LOFs for the purpose of conducting inspections and 
design information verifi cation visits, auditing the facility operator’s conduct 
of annual physical inventory takings, and performing other safeguards-
relevant activities (e.g., responding to IAEA requests for the conduct of 
complementary access if applicable). In any case, an important point for a 
‘newcomer’ to remember is that increased SSAC effectiveness is acquired 
through a high level of technical competence of the SSAC in an environ-
ment of good cooperation between the SSAC, facility operators and the 
IAEA.

13.4.5 Other international non-proliferation obligations

Milestone 1

As refl ected by the IAEA, no safeguards system, no matter how extensive 
the measures put in place, can provide absolute assurance that there has 
been no diversion of nuclear materials or that there are no undeclared 
nuclear material or activities in a State. The safeguards system for imple-
menting comprehensive safeguards agreements, including additional proto-
cols, is designed to provide for verifi cation by the IAEA of the correctness 
and completeness of States’ declarations, so that there is credible assurance 
of both the non-diversion of declared nuclear material from peaceful activi-
ties and the absence of undeclared nuclear material and activities.

Further to a State’s undertakings, Article III of the NPT also stipulates 
specifi c obligations of each State party to the NPT ‘not to provide: (a) 
source or special fi ssionable material, or (b) equipment or material espe-
cially designed or prepared for the processing, use or production of special 
fi ssionable material, to any non-nuclear-weapon State for peaceful pur-
poses, unless the source or special fi ssionable material shall be subject to 
the safeguards required by this article.’ After the entry into force of the 
NPT, multilateral consultations on nuclear export controls led to the estab-
lishment of two separate forums for dealing with nuclear exports: the 
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Zangger Committee in 1971 and the Nuclear Suppliers Group (NSG) in 
1975.66

The Zangger Committee67 was set up to consider procedures for exports 
of nuclear material and equipment related to NPT commitments. In August 
1974, the committee produced a trigger list of items which would require 
the application of IAEA safeguards and, if the items were to be exported 
directly or indirectly to a NNWS which was not party to the NPT, the appli-
cation of export procedures by the supplier. The trigger list and associated 
guidelines were communicated to and published by the IAEA as 
INFCIRC/209 (IAEA, 1974), which has been updated several times.

The Nuclear Suppliers Group, also known as the London Group or 
London Suppliers Group, was set up in 1974 after India exploded its fi rst 
nuclear device, and included both non-members and members of the 
Zangger Committee. An authoritative document on the history, role and 
activities of the NSG has been published by the IAEA as INFCIRC/539 as 
amended (IAEA, 1997c, 2000, 2003, 2005c, 2009). The group sought to 
ensure that transfers of nuclear material or equipment would not be diverted 
to unsafeguarded nuclear fuel cycle or nuclear explosive activities. Therefore, 
among the other conditions of supply in the NSG guidelines, formal govern-
ment assurances to this effect were required from recipients. The guidelines 
were originally communicated to the IAEA in 1978 and published as 
INFCIRC/254 (IAEA, 1978); the guidelines have been periodically 
amended, including the addition of Part 1 (IAEA 1992a) and Part 2 (IAEA, 
1992b).

Milestones 2 and 3

In a practical sense, the NSG guidelines (INFCIRC/254, Parts 1 and 2) are 
essentially a set of export rules which govern the export of items and tech-
nologies especially designed or prepared for nuclear use (Part 1) and the 
export of nuclear-related dual-use items and technologies (Part 2).68 
Whereas States party to the NPT have already forsworn the acquisition of 
nuclear weapons and other nuclear explosive devices, and agreed to accept 
comprehensive safeguards on the entirety of their nuclear fuel cycle, States 

66 For authoritative information on the NPT Review Conferences, the Zangger 
Committee and the Nuclear Suppliers Group through 1995, see NPT/CONF.1995/7/
Part II, 18 April 1995, available from http://www.un.org/depts/ddar/nptconf/2136.
htm
67 Also known as the ‘NPT Exporters Committee’.
68 The guidelines effectively require nuclear suppliers to exercise special care in the 
export of sensitive facilities, technology and weapons-usable material, for example 
reprocessing and isotope separation facilities.
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not signatory to the NPT will need to consider the nuclear suppliers’ 
requirements for export of sensitive facilities, equipment, material and tech-
nologies used for peaceful nuclear purposes, prior to deciding whether to 
construct a nuclear facility.

To control the non-proliferation of nuclear material and technologies, the 
international community has focused on both States and non-State actors. 
Some requirements and measures extend beyond nuclear non-proliferation 
to non-proliferation of weapons of mass destruction and are included in 
several legally binding instruments by the UN Security Council (UNSC). 
Of primary importance is United Nations Security Council Resolution 1540 
(UNSCR 1540),69 adopted in April 2004. UNSCR 1540 (2004) requires that 
all States adopt and enforce appropriate laws that prohibit any non-State 
actor to manufacture, acquire, possess, develop, transport, transfer or use 
nuclear, chemical or biological weapons (otherwise known as weapons of 
mass destruction or WMD) and their means of delivery. Among its provi-
sions is the call upon all States to fulfi l their commitment to multilateral 
cooperation, including those within the framework of the IAEA.

A ‘newcomer’ will inevitably benefi t from understanding the scope of 
UNSCR 1540 (2004)70 and related resolutions (e.g., UNSCR 1673 (2006) 
and UNSCR 1810 (2008))71 regarding their implications at the State level, 
to establish national control over WMD-related material in the areas of 
accounting/securing, physical protection, border and law enforcement, 
export and transshipment, for example. However, as the objectives of these 
resolutions go well beyond safeguards, they are outside the scope of this 
chapter. Nevertheless, these UNSC resolutions, and other resolutions with 
their relevant measures to be implemented accordingly, are part of the 
legally binding instruments and commitments every State is obligated to 
undertake. They should be factored into the information acquisition process 
inherent to the IAEA’s Milestones 1–3 as discussed in the Milestones pub-
lication (IAEA, 2007a).

69 UNSCR 1540 (2004) is available from the 1540 Committee web page at http://
www.un.org/sc/1540/
70 The UN Security Council has published a ‘Frequently Asked Questions on 
UNSCR 1540’ web page, available from http://www.un.org/sc/1540/faq.shtml#1
71 The Security Council extended the mandate of the 1540 Committee for a further 
two years with the adoption of Resolution 1673 (2006), which reiterated the objec-
tives of Resolution 1540 (2004), expressed the interest of the Security Council in 
intensifying its efforts to promote full implementation of the resolution, and obliged 
the 1540 Committee to report again by April 2008. Then in April 2008, the Security 
Council adopted Resolution 1810 (2008), which extended the mandate of the 1540 
Committee for a further period of three years, thereby reaffi rming the objectives of 
Resolution 1540 (2004) and Resolution 1673 (2006).
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13.5 Transparency during a nuclear renaissance

Safeguards are an essential part of international confi dence-building mea-
sures, and serve to help demonstrate a country’s commitment to non-pro-
liferation. But today’s safeguards will likely need to adapt to tomorrow’s 
challenges and with those challenges will come new incentives for countries 
to become more transparent. In preparing for tomorrow’s challenges, the 
IAEA has considered the future environment, and reported its internal 
assessment in February 2008, in ‘20/20 Vision for the Future, Background 
Report by the Director General for the Commission of Eminent Persons’.72 
This report presents the results of a review by the IAEA regarding the role 
of the IAEA through the year 2020 and beyond. While the publication will 
benefi t a ‘newcomer’ on the potential future direction of the IAEA and 
safeguards, its ‘foresight’ analysis and forward-looking review may be of 
particular interest to those stakeholders who wish to consider the longer 
term in terms of transparency and the non-proliferation regime. For example, 
in the Executive Summary, it says:

Although a revival in nuclear power would require additional verifi cation 
(‘safeguards’) activities, the IAEA’s workload is not likely to increase propor-
tionally if States accept greater transparency measures under a new verifi cation 
standard. The need for IAEA inspectors in the fi eld is likely to decrease due 
to the use of new technology and a change in the way States are evaluated. 
Verifi cation activities will increasingly become information driven, with more 
evaluation work at the Agency’s headquarters. Meeting future challenges will 
require a robust IAEA ‘toolbox’ containing the necessary legal authority to 
gather information and carry out inspections, state-of-the-art technology, a 
high calibre workforce and suffi cient resources.

For stakeholders, one pertinent question raised by the above statement is: 
what will States accept as greater transparency measures under a new veri-
fi cation standard?

Demands for greater transparency about another State’s nuclear activi-
ties arise for a variety of reasons, including the desire of States to under-
stand the nuclear capabilities and policies of other States. Berkhout and 
Walker (1999) have considered this question. In terms of transparency 
mechanisms applied during the development of a nuclear power infrastruc-
ture, one should keep in mind that there are the expressed and implied 
needs of stakeholders at the international, regional, national, sub-national 
and local levels which should be considered as part of the decision process 
(i.e., prior to making the decision to develop a nuclear power infrastruc-

72 Available from http://www.iaea.org/NewsCenter/News/PDF/20-20vision_220208.
pdf
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ture). At the same time, while implementation of transparency mechanisms 
(and other confi dence-building measures) clearly will have benefi ts at each 
of these levels, the potential for negative impacts must also be explicitly 
addressed as reported by Harmon et al. (2000) from the Sandia National 
Laboratories in a report for the US Department of Energy. This is particu-
larly important in view of the fact that a major reason justifying secrecy is 
non-proliferation. The outcome of such an analysis (whether formal or 
informal, whether part of a broader analysis of national security objectives, 
or narrowly defi ned at the facility level), will enable a State to better align 
its national interests with its non-proliferation objectives.

And what is the appropriate level of nuclear transparency? That is a 
question for which each stakeholder forms his or her own opinion. Some 
suggest that one example of the appropriate level of transparency is illus-
trated by the transparency mechanism applied to the exclusively peaceful 
uses of nuclear energy between two States, namely Argentina and Brazil, 
as discussed by Fernandez-Moreno and D’Amato (2002) in the 24th Annual 
Meeting of the European Safeguards Research and Development 
Association, ESARDA. Johnston et al. (2008) consider that ‘the point and 
the measure of transparency is full and open truthfulness while being 
mindful that complete transparency is an abstraction that will never be fully 
achieved in any society’. Others may differ. Fortunately, transparency in the 
nuclear fi eld and its contribution to non-proliferation continue to be dis-
cussed in several international forums, more recently in the context of the 
2010 NPT Review Process that was referred to in Section 13.2.1, Birth of a 
landmark treaty.

Noting that IAEA safeguards agreements are in force in every State 
thought to have nuclear activities, but recalling that some States have yet 
to conclude a safeguards agreement73 with the IAEA as required by the 
NPT, transparency remains a subject of global interest (and one that is open 
to differing points of view). As recognized by the IAEA, an expansion of 
nuclear power will call for ever greater transparency.74 A State’s ability to 
fully embrace and adhere to its international obligations arising from the 
NPT can well serve as a foundation for building transparency in an age of 
nuclear renaissance. Besides concluding a safeguards agreement with the 
IAEA (if none is in force), an example of how a State may increase trans-
parency is found in the statement of the IAEA Director General Yukiya 

73 Status of IAEA safeguards agreements, quantities of nuclear material and facili-
ties safeguarded, and other relevant information for each State is available from 
http://www.iaea.org/OurWork/SV/Safeguards/sv.html
74 IAEA, 20/20 Vision for the Future, Background Report by the Director General 
for the Commission of Eminent Persons, p. 16, February 2008, available from http://
www.iaea.org/NewsCenter/News/PDF/20-20vision_220208.pdf
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Amano in March 2010, concerning international cooperation being vital to 
the nuclear renaissance:75

Responsibility means countries must abide by the highest safety and security 
standards and implement IAEA safeguards so the Agency can verify that 
nuclear materials are being used exclusively for peaceful purposes. All coun-
tries with nuclear power should adhere to the Convention on Nuclear Safety 
and the Joint Convention on the Safety of Spent Fuel Management and on the 
Safety of Radioactive Waste Management. All countries are encouraged to 
implement a so-called Additional Protocol to their safeguards agreement with 
the IAEA, which boosts transparency by giving the Agency’s inspectors more 
authority.

These views are just some of the many ideas and concepts involving trans-
parency, and they should be factored in as part of a State’s progression in 
the development of its nuclear power infrastructure. In doing so, the con-
cerned State may be better positioned to advance its national interest and 
achieve its non-proliferation goals and objectives.

13.6 Sources of further information and advice

Regarding further information on non-proliferation and safeguards, a true 
list of web sources would be exhaustive, and in today’s rapidly changing 
web environment that list might very well be out of date the moment it is 
published. To be of service to the ‘newcomer’, the sources listed below are 
essentially limited to UN and IAEA web pages, which many people would 
consider to be authoritative. Nevertheless, there are many other sites avail-
able, and as the ‘newcomer’ progresses in their search, he or she will 
undoubtedly uncover a host of these other websites, many of which are 
associated with both NGOs and governmental organizations involved with 
and/or responsible for non-proliferation and safeguards.

13.6.1 Web-based general sources related to the NPT

Information related to the NPT, with links to associated international safe-
guards, is provided at the IAEA’s web pages located at:

• http://www.iaea.org/Publications/Documents/Treaties/npt.html
• http://www.iaea.org/Publications/Documents/Treaties/index.html
• http://www.iaea.org/OurWork/SV/Safeguards/legal.html
• http://www.iaea.org/OurWork/SV/Safeguards/sv.html

75 Director General Amano’s statement as published in Le Monde, OpEd, 7 March 
2010; full statement available from http://www.iaea.org/newscenter/transcripts/2010/
lm070310.html
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For those readers who may want to become more familiar with the develop-
ments of the NPT (both historical and present day), a recommended start-
ing point is the ‘NPT Briefi ng Book (MCIS/CNS) 2010’, available from 
http://cns.miis.edu/treaty_npt/npt_briefi ng_book_2010/index.htm.

13.6.2 Web-based general sources on non-proliferation 
and disarmament

• http://www.iaea.org/Publications
• http://unhq-appspub-01.un.org/UNODA/TreatyStatus.nsf
• http://www.opanal.org/NWFZ/nwfz.htm
• http://www.un.org/disarmament
• http://www.unidir.org/
• http://www.unog.ch/disarmament

13.6.3 Web-based safeguards-relevant sources 
and publications

• http://www.iaea.org/Publications/Magazines/Bulletin/Bull511/
51103570609.html

• http://www.iaea.org/OurWork/SV/Safeguards/safeg_system.pdf
• http://www.iaea.org/Publications/Booklets/Safeguards3/safeguards0408.

pdf
• http://www.iaea.org/Publications/Booklets/Safeguards3/safeguards0707.

pdf
• http://www.iaea.org/Publications/Booklets/Safeguards3/safeguards0806.

pdf
• http://www-pub.iaea.org/MTCD/publications/PDF/NVS1–2003_web.

pdf
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14
Spent fuel and radioactive waste 

management in nuclear power programmes

H. FORSSTRÖM, SKB International AB, Sweden

Abstract: The generation of spent nuclear fuel and radioactive waste is 
an unavoidable consequence of nuclear power production. Some of this 
material needs to be handled with great care and be disposed of, either 
near the surface for short-lived waste (a few hundred years) or at depth 
(500–1000 m) in geological formations for long-lived and high-level 
waste. The spent nuclear fuel also contains material (uranium and 
plutonium) that could be recycled in new fuel after reprocessing. This 
chapter provides an overview of the characteristics of spent fuel and 
different types of radioactive waste and of the steps involved in the 
management of this material. It also covers the international framework 
and national policies and strategies.

Key words: radioactive waste, spent nuclear fuel, reprocessing, disposal.

14.1 Introduction

The generation of radioactive waste is an unavoidable consequence of 
nuclear power production as well as of other applications of nuclear tech-
nologies, e.g. the use of radioactive substances in medicine or research. 
Some of the waste is very dangerous and needs to be handled with great 
care and be isolated from human beings and the environment. These wastes 
will also remain dangerous for very long time periods, from hundreds to 
hundreds of thousands of years. The end point of radioactive waste manage-
ment is therefore in most cases disposal, either near the surface for short-
lived waste (a few hundred years) or at depth (500–1000 m) in geological 
formations for the long-lived and high-level waste. To reduce the need for 
disposal one of the basic principles for radioactive waste management is to 
minimize the generation.

The main source of long-lived and high-level waste is the spent nuclear 
fuel. It also contains material (uranium and plutonium) that could be recy-
cled in new nuclear fuel after reprocessing. The possible reuse will depend 
on the economic conditions and, in particular, the development of fast reac-
tors. The alternative is to dispose of it directly after 30–40 years of storage. 
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The spent fuel is thus a good example of the following defi nition of waste: 
Waste is a resource at the wrong time and in the wrong place.

In addition to spent nuclear fuel, several other different types of second-
ary waste are generated during nuclear power production or during reproc-
essing and from the fi nal decommissioning and dismantling of the reactors 
and auxiliary facilities. Most of this waste is short-lived and classifi ed as 
low-level waste.

As the waste management will be applied over a hundred years or more 
it is important to develop appropriate policies and strategies for the waste 
management, including technical options and defi nition of clear responsi-
bilities for regulating, implementing and fi nancing the waste management 
system. Although many of the facilities (e.g. for disposal) will only be built 
several tens of years later, it is very important for a country considering the 
introduction of nuclear power to develop policies and strategies early.

The IAEA defi nes radioactive waste as any waste that contains or is 
contaminated with radionuclides at concentrations or activities greater than 
clearance levels as established by a regulatory body (IAEA, 2007a). It is 
recognized that this defi nition is purely for legal and regulatory purposes 
and that material with activity concentrations less than clearance levels is 
also radioactive from a physical point of view.

14.1.1 Sources of radioactivity

In a nuclear power plant there are two sources for the production of radio-
active substances, the fi ssion by neutrons and absorption of neutrons (trans-
mutation by neutron absorption) taking place in the fuel itself, and the 
irradiation of material in the reactor that is exposed to the neutrons from 
the fi ssion process (activation). The radioactive substances produced from 
the fi rst source are fi ssion products and transuranic elements (elements 
heavier than uranium). The fi ssion products are the lighter elements (e.g. 
cesium, strontium and iodine) that are created when the heavier atoms (e.g. 
uranium or plutonium) are split (fi ssioned) and energy is released. The 
transuranic elements (e.g. plutonium, americium and curium) are generated 
by the absorption of neutrons in uranium and the successively created 
transuranic elements. The amount of fi ssion products and transuranic ele-
ments is directly coupled to the energy that has been generated. The spent 
fuel is highly radioactive and will need shielding and cooling for the subse-
quent handling.

A typical composition of spent nuclear fuel is shown in Table 14.1. The 
fi ssion products and transuranic elements are kept in the fuel and contained 
by the fuel cladding. They will only be released to other parts of a nuclear 
power plant if the fuel cladding is damaged. Minor amounts could also 
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Table 14.1 Composition of spent nuclear fuel (PWR, 60 MWd/kg U, 15 years 
out of the reactor): the most important radionuclides

Radionuclide Half-life 
(years)

Activity 
(Bq/tU)

Radionuclide Half-life 
(years)

Activity 
(Bq/tU)

Fission products Transuranic elements
H-3 12 2E+13 U-234 250,000 5E+10
Kr-85 11 2E+14 Np-239 2,100,000 3E+12
Sr-90 30 3E+15 Pu-238 88 3E+14
Y-90 3E+15 Pu-239 24,000 1E+13
Tc-99 210,000 8E+11 Pu-240 6,600 2E+13
Sn-121 5E+11 Pu-241 14 3E+15
Sn-121m 55 6E+11 Pu-242 370,000 2E+11
Sb-125 3 1E+13 Am-241 430 1E+14
Cs-134 2 6E+13 Am-242m 150 8E+11
Cs-137 30 5E+15 Am-242 8E+11
Ba-137m 4E+15 Am-243 7,400 3E+12
Pm-147 3 1E+14 Cm-242 0.4 7E+11
Sm-151 90 2E+13 Cm-243 29 1E+12
Eu-154 9 1E+14 Cm-244 18 3E+14
Eu-155 5 2E+13 Cm-245 8,500 7E+10
Total 2E+16 Total 4E+15

emanate from fuel contamination on the outside of the fuel cladding that 
remains after the fuel fabrication.

The second source of radioactive substances in a reactor, activation prod-
ucts, is the result of irradiation of material in the reactor by neutrons from 
the fi ssion process. Only material inside the reactor pressure vessel and in 
the concrete that immediately surrounds it will be exposed to suffi cient 
neutron fi elds for activation. The highest activity will be generated in the 
core components holding the fuel and in other internal parts in the pressure 
vessel. Also material contained in the coolant or coolant-moderator water, 
which passes through the reactor core, could become activated.1 This could 
be metal ions or particles from corrosion in the primary circuit of the 
reactor or other trace elements contained in the coolant or coolant-moder-
ator. Radioactive substances thus created could then be transported through 
the primary system of the reactor and contaminate surfaces and fi lters, thus 
creating a radiation fi eld around these components and in the end a radio-
active waste.

A list of typical activation products is given in Table 14.2. To minimize 
the creation of activation products, one strives to keep the primary circuit 
water very clean through ion exchange and mechanical fi ltering as well as 

1 In this chapter only light and heavy water reactors are considered.
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Table 14.2 Activation products in fuel cladding and mechanical components 
(PWR, 60 MWd/kg U, 15 years out of the reactor): the most important 
radionuclides

Radionuclide Half life (years) Activity (Bq/tU)

Activation products
C-14 5,700 6E+10
Fe-55 3 9E+12
Co-60 5 6E+12
Ni-59 75,000 1E+11
Ni-63 96 1E+13
Zr-93 1,500,000 1E+10
Nb-93m 14 2E+14
Nb-94 20,000 3E+11
Sn-121m 55 1E+11
Total 3E+14

to reduce the corrosion by adjusting the chemical environment, e.g. by 
adding lithium hydroxide or hydrazine to the coolant. Also gaseous radioac-
tive fi ssion and activation products are formed and transported by the 
coolant and coolant-moderator to a degasifi cation system.

14.1.2 Classifi cation of radioactive waste

Radioactive waste covers a wide spectrum of material types, physical com-
position and radioactivity concentration. Also the composition of radionu-
clides included in the waste and their corresponding half-lives differs widely. 
This means that the methods to take care of the radioactive waste will have 
to be adapted to the specifi c waste form. In particular it is important to 
distinguish between solid, liquid and gaseous waste, as well as to consider 
the radiation level at the waste package and the half-life of the radionu-
clides contained in the waste. The physical form of the waste (solid, liquid 
or gaseous) determines the treatment, conditioning and packaging methods 
to be used for the waste. The radiation level determines the handling and 
storage method for the waste, and the concentration and half-life of the 
radionuclides determines the way they need to be fi nally disposed of. 
Radionuclides with half-lives of 30 years or shorter are considered to be 
short-lived.

Earlier classifi cation schemes distinguished between exempt waste, short-
lived low- and intermediate-level waste, long lived low- and intermediate-
level waste and high-level waste. Exempt waste had no radiological 
restrictions. Low-level waste could be handled without extra shielding, 
while intermediate and high-level waste required shielding for handling and 
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high-level waste also required cooling.2 Short-lived waste could be disposed 
of at or near the surface, while long-lived waste and high-level waste would 
require deep geological disposal. This and similar classifi cation schemes are 
still being used in many countries.

More recently the IAEA has introduced a new classifi cation scheme that 
is based on the way the waste will be fi nally disposed of (IAEA, 2009a). It 
has the following six classes of radioactive waste:

• Exempt waste (EW): Waste that meets the criteria for clearance, i.e. it 
has been cleared from regulatory control, and is not considered radioac-
tive waste.

• Very short-lived waste (VSLW): Waste that can be stored for decay over 
a limited period of up to a few years and subsequently cleared for 
uncontrolled disposal, use or discharge.

• Very low-level waste (VLLW): Waste that does not necessarily meet the 
criteria of EW, but that does not need a high level of containment and 
isolation and, therefore, is suitable for disposal in near-surface landfi ll-
type facilities with limited regulatory control.

• Low-level waste (LLW): Radioactive waste with only limited amounts 
of long-lived radionuclides. Such waste requires robust isolation and 
containment for periods of up to a few hundred years and is suitable for 
disposal in engineered near-surface facilities.

• Intermediate-level waste (ILW): Waste that, because of its content, par-
ticularly of long-lived radionuclides, requires disposal at greater depths, 
of the order of tens of metres to a few hundred metres.

• High-level waste (HLW): Waste with levels of activity concentration 
high enough to generate signifi cant quantities of heat, or waste with 
large amounts of long-lived radionuclides. Disposal in deep, stable geo-
logical formations usually several hundred metres or more below the 
surface is the generally recognized option for disposal of HLW.

14.1.3 Radioactive waste from nuclear power production

Several kinds of radioactive waste are generated from nuclear power pro-
duction. The most hazardous is the spent nuclear fuel (if considered as 
waste), or the high-level waste from chemical reprocessing of the fuel. 
Intermediate-level waste is mainly irradiated core components and some 
long-lived waste from reprocessing. Low-level waste comes from the treat-
ment of the water in and off-gases from the reactor primary circuit and fuel 

2 The requirements on shielding and/or cooling are determined by the activity con-
centration in the waste. With a high activity concentration, in particular of α or β 
emitting radionuclides, much of the energy released through radiation is absorbed 
as heat in the material.
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handling facilities and from components and material that have been in 
contact with such water or gases. Some of this waste could even qualify as 
very low-level waste. LLW and VLLW are generated both during the opera-
tion and maintenance of the nuclear power plants (and possible reprocess-
ing plants) and during their fi nal decommissioning and dismantling after 
power production has ceased. In particular, large volumes of VLLW are 
generated during dismantling.

Some minor amounts of radioactive substances are released from nuclear 
power plants during normal operation through the cooling water or with 
the off-gases. These amounts are strictly controlled and in compliance with 
regulatory limits. Such limits are set very low to ensure a very small radio-
logical impact on the people and environment in the vicinity of the power 
plant. Different processes, e.g. fi ltration, ion exchange and evaporation, are 
used to minimize the releases. The normal operational releases from a 
power plant are not further dealt with in this chapter (see Chapters 11 and 
17 for further details), which is dedicated to waste that will be further taken 
care of.

14.2 Policies and strategies for management 

of spent fuel and radioactive waste

14.2.1 Need for national policies and strategies

Spent fuel and radioactive waste will be generated from the fi rst day of 
operation of a nuclear power plant. It needs to be taken care of through 
intermediate storage, treatment and conditioning, possible reprocessing and 
fi nal disposal, steps that might very well stretch out over 100 years or more. 
Introduction of nuclear power involves a long-term commitment for the 
country and the industry involved. It is thus important to develop policies 
and strategies for their management, as well as a stable legal system, at an 
early stage of the decision process for implementing nuclear power in a 
country. The policies should include a general plan for the spent fuel and 
waste management systems needed and a clear delineation of the respon-
sibilities to implement the different steps as well as a clear and stable system 
for the fi nancing of these activities.

The importance of an early development of the principles and responsi-
bilities for spent fuel and radioactive waste management has long been 
recognized. The IAEA has developed several safety standards and technical 
publications that are applicable. Guidance for development of national 
nuclear power programmes, including spent fuel and radioactive waste 
management, can be found in the so-called milestones document IAEA 
(2007b). More specifi c guidance for policy and strategy development for 
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spent fuel and radioactive waste management can be found in IAEA 
(2009b). Some general conclusions are:

• A spent nuclear fuel and radioactive waste management infrastructure 
is a necessary element to be available when implementing nuclear 
power programmes.

• The development of the infrastructure requires a systematic stepwise 
approach lasting for several decades.

• Thus the building of the waste management infrastructure and the for-
mulation of national spent fuel and radioactive waste policies and rel-
evant strategies should be initiated in the early stages of planning 
nuclear power programmes.

14.2.2 International framework for safe spent fuel 
and radioactive waste management

Over the years an international regime has developed for the safe manage-
ment of spent fuel and radioactive waste. Three components can be distin-
guished: (1) the Joint Convention on the Safety of Spent Fuel Management 
and the Safety of Radioactive Waste Management, (2) the IAEA Safety 
Standards Series and (3) the National Regulatory Control Systems.

The objectives of the Joint Convention (IAEA, 2006a) are to achieve and 
maintain a high degree of safety worldwide, to ensure that there are effec-
tive defences in place against potential hazards and to prevent accidents 
and mitigate their consequences. The Joint Convention is the fi rst interna-
tional legally binding agreement in the area of radioactive waste manage-
ment. The technical basis for the Convention is provided by the IAEA 
Safety Fundamentals (IAEA, 2006b). It is an ‘incentive’ convention, which 
means that there are no fi xed penalties and that improvements in safety are 
stimulated through the review process. The articles of the Joint Convention 
set targets. Issues covered by the Joint Convention include provisions on 
how to ensure safety through proper legal and regulatory systems and 
proper siting, design, operation and decommissioning of the necessary 
facilities.

The Joint Convention applies to spent fuel and radioactive waste result-
ing from civilian nuclear reactors and applications or handled in a civilian 
programme. It also includes spent sealed sources, planned and controlled 
releases into the environment from regulated nuclear facilities and waste 
from mining and processing of uranium.

The important tools of the Joint Convention are given by the review 
meetings that are held every three years. At the review meetings the national 
reports are reviewed and commented on by the parties to the Joint 
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Convention. The national reports give a good overview of the management 
of spent fuel and radioactive waste in the country. The review process pro-
vides a good opportunity for exchange of lessons learned and also encour-
ages the countries to develop their activities. At the end of 2009 the Joint 
Convention had 52 contracting parties, including 26 of the 30 countries with 
nuclear power plants.

14.2.3 Policies and strategies for spent fuel management

Spent nuclear fuel is removed from the reactor when it can no longer con-
tribute to the fi ssion energy process, typically after three to seven years use. 
The fuel, however, still contains components, uranium and plutonium, that 
could be reused and recycled as fuel material. As for most waste in our 
society, e.g. paper and glass, there is, however, an economic issue involved 
in the decision to recycle or not. Although the remaining uranium and 
plutonium can be recycled as mixed oxide fuel (MOX) in present-day light 
water or heavy water reactors, real benefi t from recycling will only be 
achieved if the fuel is recycled in fast spectrum reactors, so called fourth-
generation reactors, which are being developed now. There are thus two 
options for spent fuel management:

• regard the fuel as a waste and dispose of it in a deep geological reposi-
tory after a period (>30 years) of interim storage for suffi cient cooling, 
or

• reprocess the fuel to separate out the components that can be recycled 
as fuel material after a period (~10 years or less) of interim storage. The 
remaining waste products (HLW and ILW) will still need geological 
disposal.

Some countries, e.g. Canada, Finland, Germany and Sweden,3 have chosen 
the direct disposal route, while other countries, e.g. France, India and Japan, 
have chosen the recycling route. Most countries, however, have still not 
decided which option to choose. As spent fuel storage for decades is a 
straightforward and proven technology, there is no urgent technical need 
to make the choice. Prolonged storage will provide time to consider the 
progress in fast spectrum reactors with effective recycling, and provide a 
better basis for making the choice. Storage times of 100 years and more are 
now considered in some countries. As both options will in the end require 
a deep geological disposal facility, it will be important to work towards the 
development of such a facility, not least from a political acceptability point 
of view.

3 During the 1980s these countries sent some fuel for reprocessing in Russia and 
France.
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The views on reprocessing or direct disposal have changed over time. 
Some countries, e.g. Germany and Sweden that in the 1980s sent fuel for 
reprocessing, changed their policy in the 1980s to storage and subsequent 
disposal. Also in the USA the position has changed over the years. 
Reprocessing was the main option early on and some civilian reprocessing 
plants were built. Since the early 1980s the main option has been direct 
disposal, and investigations for developing a disposal facility at Yucca 
Mountain in Nevada were conducted up to the point that a licence applica-
tion was submitted to the US Nuclear Regulatory Commission in 2008. This 
application was later recalled in 2010. In parallel, studies were conducted 
on reprocessing and recycling in fast reactors. In 2009 a Blue Ribbon 
Committee was set up to advise the Administration on the way forward. 
The result of the Commission is due in 2012.

The steps for spent fuel management include interim storage, reprocess-
ing and subsequent recycling of fuel material and conditioning of the 
remaining waste for disposal, or encapsulation of the fuel for disposal, and 
fi nal disposal. As the facilities involved are normally located at different 
locations, transport will also be needed. Interim storage can be made in 
pools in the reactor facility or in separate storage facilities, containing either 
water pools or dry casks or vaults (Fig. 14.1). Given the trend towards 
longer storage times, there is also a trend towards using dry storage systems 
that can be built in modules as the needs arise and that will require less 
active operation. There is also a trend towards primarily expanding the 
storage capacity at the reactor sites to avoid extra transport.

14.1 Storage of spent nuclear fuel in the Central Interim Storage Facility, 
CLAB, at Oskarshamn, Sweden (© SKB, photographer Curt-Robert 
Lindqvist).
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Reprocessing facilities and facilities for producing MOX fuel exist today 
in only a few countries – France, India, Japan, Russia and the United 
Kingdom. These facilities need to be quite large and involve technology that 
is sensitive from a nuclear proliferation point of view. It can thus not be 
expected that they will be built in many countries. The existing facilities 
have served nuclear utilities in several more countries. In most cases the 
wastes from reprocessing, HLW, ILW and LLW, have been returned to the 
country of origin for storage and disposal.

So far no country has started disposal of spent fuel or high-level or 
intermediate-level waste in deep geological repositories. Development 
work is underway in several countries and good progress can be seen in 
Finland, France and Sweden, countries that expect to start disposal in the 
period 2020–25. Although the technology for disposal is fairly straightfor-
ward and simple, the safety assessment poses important challenges, as the 
time periods to be considered are very long (from thousands to hundreds 
of thousands of years). Another important challenge is the public and politi-
cal acceptance of disposal. Important setbacks have been experienced in 
many countries, which has delayed the disposal projects and led to impor-
tant changes in the siting process. Experience has shown that the time 
needed for developing a deep geological disposal facility, including the time 
needed for scientifi c studies and siting, is at least 40 years.

More technical details of the different steps for spent fuel management 
are given in Section 14.4.

14.2.4 Policies and strategies for management of low- and 
intermediate-level waste

Contrary to spent fuel and high-level waste, there is no technical advantage 
to delaying disposal of low- and intermediate-level waste. There is no heat 
production that needs to be considered, nor will the volume of waste to be 
disposed diminish with time. Most countries with nuclear power plants have 
thus developed disposal facilities. This provides the possibility of optimizing 
the management scheme for these wastes.

A basic principle for the management of low- and intermediate-level 
waste is to minimize the volumes that need to be disposed of. The fi rst step 
in minimization is to avoid producing the waste, e.g. by avoiding bringing 
extra material like packaging into areas that are considered contaminated. 
Also decontamination and recycling of metals serve this purpose.

For the unavoidable waste, the management system should be designed 
such that it optimizes the use of resources for the whole management chain. 
This means that treatment and conditioning methods should be chosen to 
produce packages that can be handled in the transport and storage system 
and disposed of in the existing disposal facility. A key demand is that it 
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should be possible to handle the waste packages as solid entities that are 
clean on the outside.

The management system for low- and intermediate-level waste includes 
sorting, treatment, conditioning and packaging systems, storage facilities 
and disposal facilities, and the necessary transport equipment to transport 
the waste between the different steps in the process. Sorting, treatment, 
conditioning and packaging systems are normally included at the nuclear 
power plants, but there are also examples of centralized or transportable 
conditioning facilities. For solid wastes, compaction or incineration is used 
to reduce the volume. Wet wastes, e.g. liquids or ion exchange resins, are 
solidifi ed in packages, e.g. with cement or bitumen. In some cases ion 
exchange resins are stored and disposed of unconditioned in high-integrity 
containers.

Disposal of low-level and very low-level waste is an industrial practice, 
although not yet implemented in all countries, often for lack of public 
acceptance. Very low-level waste is disposed of in fairly simple landfi lls, 
while low-level waste is disposed of either in engineered facilities on the 
surface or in underground caverns. Examples of engineered facilities can 
be found in China, France and Spain, while underground caverns are in use 
in the Czech Republic, Finland and Sweden. Intermediate-level waste will 
be disposed of in rock caverns at a certain depth. Some facilities are under 
construction, e.g. in Canada and Germany.

More technical details about management of low- and intermediate-level 
waste can be found in Section 14.5.

14.2.5 Management of waste from the nuclear fuel cycle 
and from non-power applications

It is important that all types of radioactive waste in a country are considered 
when the policies and strategies are developed. Most countries operating a 
nuclear power plant or considering introducing nuclear power are likely to 
also have radioactive waste from non-power applications of nuclear tech-
nology, e.g. from the use of radioisotopes in medicine and research or from 
operating research reactors. Although the volumes of waste from such 
applications normally would be smaller than from nuclear power produc-
tion, they often have special characteristics that need to be considered.

As has been noted above, the present practice for reprocessing compa-
nies is to return the waste separated during the reprocessing to the country 
of origin, which thus needs to be considered in the planning if the reproc-
essing route is followed. Also the other steps in the fuel cycle will generate 
some radioactive waste that needs to be taken care of, e.g. mill tailings from 
uranium mining, depleted uranium from uranium enrichment and ILW 
from MOX fabrication. These wastes are normally kept by the supplier. In 
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the case of depleted uranium they are seen as a resource for future use in 
fast neutron reactors. If a country develops its own fuel cycle capacity, the 
waste also needs to be considered in the national strategy.

14.3 Radioactive waste from nuclear 

power production

14.3.1 Overview

During nuclear power production radioactive substances are generated as 
fi ssion products, activation products and transuranic elements (which are 
also strictly speaking activation products). Most of the radioactivity, 99%, 
will be found in the spent fuel and in the structural components in the 
reactor core. The remaining 1% will be found in the process and technologi-
cal waste, which is normally low-level waste.

The waste from nuclear power production can thus be classifi ed as 
follows:

• Spent fuel elements, consisting of the fuel material (uranium oxide, 
plutonium oxide, fi ssion products and transuranic elements), the fuel 
cladding and the structural components in the fuel element. As has been 
noted above, the spent fuel can also be considered a resource, as it con-
tains components that can be further used as nuclear fuel.

• Core components, i.e. components that hold the core together and that 
direct the fl ow of water (or gas) through the core. Examples are the core 
grid and core barrel. Also control rods are included among the core 
components.

• Process waste, i.e. waste from systems used during reactor operation to 
clean the process water or gas or to limit the releases of radioactive 
substances during operation.

• Technological and maintenance waste, consisting of secondary waste 
generated during maintenance work and components from the reactor 
systems that have been replaced due to failure or wear or to renewal of 
the particular system.

• Decommissioning waste, with similar content to the technological and 
maintenance waste. It also includes the reactor pressure vessel and its 
internal components, which are similar to the core components.

Annually about 20–25 tonnes of spent nuclear fuel,4 counted as uranium 
or uranium and plutonium (heavy metal (HM)), or 10–15 m3, is removed 

4 The fi gures given in this chapter are valid for a typical 1000  MWe light water 
reactor. For a similar CANDU heavy water reactor which uses natural uranium fuel 
and thus lower burnup about 125 tonnes of spent fuel is generated with a volume 
of 25 m3. With the lower burnup the activity concentration and heat release per 
tonne of fuel is lower. The principles for management are, however, similar.
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from a 1000 MWe light water reactor, and about 100–200 m3 (after condi-
tioning) of LLW is generated. The volume of ILW, mainly core components, 
varies depending on actions undertaken and is on average at least an order 
of magnitude less than the LLW.

During decommissioning a few thousand cubic metres of radioactive 
waste is generated. Most of this waste is VLLW and LLW, while some of 
the internal components are ILW.

14.3.2 Spent nuclear fuel

The fuel for current water reactors is in the form of pellets of uranium 
dioxide or a mixture of uranium and plutonium dioxide (MOX fuel). The 
uranium enrichment (content of uranium-235) is typically 3–5% in light 
water reactors. The pellets are very stable ceramic cylinders about 1 cm in 
diameter and 1 cm high. The pellets are placed in sealed thin metal tubes 
(e.g. of stainless steel or zirconium alloy), which are kept together as bundles 
to form a fuel element. The fuel element, which typically contains between 
60 and 300 fuel pins, can be handled as an entity (Fig. 14.2). Fresh nuclear 
fuel elements need to be handled with care to avoid contamination and 
mechanical failures, but do not require radiation shielding. After the fuel 
has been used in the reactor it can still be removed and handled as an intact 

14.2 Typical light water reactor fuel elements (© SKB).
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fuel element. It is, however, highly radioactive due to the formation of 
fi ssion products and transuranic elements in the fuel and activation prod-
ucts in the fuel element structure. The typical composition of spent fuel 
(excluding the fuel element structure) is:

• 95% uranium (remaining enrichment about 0.8%)
• 1% plutonium
• 4% fi ssion products and transuranic elements other than plutonium.

A more detailed composition of a typical LWR fuel element is given in 
Table 14.1. Some of the fi ssion products are very short-lived with half-lives 
of a year or less, while others have half-lives ranging from 30 years to mil-
lions of years.

The spent fuel element has a high concentration of different radionu-
clides that decay by emitting α-, β- or γ-radiation or undergo spontaneous 
fi ssion that emits neutrons. The α- and β-radiation is mainly absorbed in the 
fuel itself and is the energy dissipated as heat (decay heat), while the γ- and 
neutron radiation is more penetrating so that the spent fuel will require 
shielding. Some neutrons also generate additional fi ssion in the fuel, which 
will require control of the spent fuel confi guration to avoid criticality. The 
spent fuel thus needs shielding and cooling during the subsequent handling. 
After removal from the reactor the fuel is stored under water for several 
years to allow cooling. During the fi rst year the decay heat goes down 
rapidly as the short-lived fi ssion products decay. After about fi ve years the 
decay heat is dominated by cesium-137 and strontium-90, which both have 
a half-life of about 30 years.

Spent fuel remains radioactive for very long times, hundreds of thousands 
of years, and will eventually need fi nal geological disposal to ensure long-
term isolation from humans and the environment. In Fig. 14.3 the radioac-
tive decay for spent fuel is shown. The curve shows the toxicity index, which 
takes into account not only the activity but also the harm the radioactive 
substance would give if incorporated into the body (essentially eaten). After 
the fi rst few years the toxicity is dominated by cesium and strontium. After 
a few hundred years the toxicity will be dominated by the transuranic ele-
ments, such as plutonium and americium. By removing plutonium and pos-
sibly also some other transuranic elements the long-term toxicity and heat 
release can be reduced, but it is generally considered that long-term geo-
logical isolation will still be needed.

14.3.3 Waste from reprocessing

The main reason for reprocessing is to separate the remaining uranium and 
plutonium in the fuel from fi ssion products and transuranic elements other 
than plutonium, so that these materials can be reused as material for new 
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14.3 Relative radiotoxicity of the different components in spent nuclear 
fuel from a light water reactor irradiated to 41 MWd/kg U with respect 
to the radiotoxicity of the corresponding uranium ore (NEA, 1999c).

fuel (plutonium mixed with uranium in Mixed Oxide (MOX) fuel and 
reprocessed uranium re-enriched in so called ‘reprocessed uranium’ 
(REPU) fuel). In this process also the volume of high-level waste and the 
long-term toxicity is reduced. By more advanced reprocessing, that is not 
yet in use, it could also be possible to remove the transuranic elements and 
some long-lived fi ssion products from the waste, thus further reducing the 
radiotoxicity. The intention would then be to burn (nuclear incineration) 
the removed components in a fast neutron reactor or another fast fl ux 
nuclear facility, e.g. an accelerator driven reactor (ADS).5

The waste from the reprocessing includes the high-level waste containing 
the fi ssion products and transuranic elements other than plutonium, the 
metal components of the fuel element (fuel cladding, end pieces and 
spacers), and secondary process and maintenance waste. In the end decom-
missioning waste will also be generated.

The solution of fi ssion products and transuranic elements is concentrated 
and then mixed with glass-forming components and melted to become a 

5 In an ADS a subcritical reactor confi guration is connected to a particle accelerator. 
The accelerated particles impinge on a heavy target (e.g. lead) and generate a burst 
of neutrons that will produce fi ssions in the subcritical reactor, thus generating 
energy. The neutrons can also fi ssion some long-lived transuranic elements, thus 
producing more short-lived radionuclides.
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glass matrix (vitrifi cation), which is poured into a metal container that is 
subsequently sealed and kept clean on the outside. This is the main HLW. 
Most of the radioactivity of the fuel remains in the HLW.

The metal components of the fuel element are further cleaned to mini-
mize the remaining fuel oxide in this waste stream. After compaction or 
cementation the metal components are fi lled in tight containers similar to 
the HLW and handled in a similar way as HLW or ILW.

The process and maintenance waste is physically similar to such waste 
from a nuclear power plant (see Section 14.2.4). There is, however, an 
important distinction as the fuel is dissolved in the reprocessing plant and 
the systems and components are exposed directly to the fuel material. Some 
of this waste could thus contain signifi cant amounts of long-lived radionu-
clides and would therefore be classifi ed as ILW.

Reprocessing of one year’s fuel from a 1000 MWe LWR will generate 
2–3 m3 of vitrifi ed HLW and some 10 m3 of ILW and LLW. Some ILW and 
LLW will also be generated in the MOX fabrication facility.

14.3.4 Core components

Core components normally have a longer operational life than the nuclear 
fuel and are only removed when the structural integrity is reduced by crack-
ing, corrosion or ageing phenomena or, in the case of control rods, when 
their neutron absorption capacity has been reduced. The radioactivity in 
the core components is mainly activation products, the most important from 
a handling point of view being cobalt-60. From a disposal point of view 
there are also some long-lived nickel and niobium isotopes and the core 
components are generally considered to be ILW.

The radiation level from the most exposed core components is similar to 
or higher than from the spent nuclear fuel, but the heat generation is lower 
and it decays more rapidly.6 For practical reasons the core components are 
initially handled in a similar way to the spent nuclear fuel and stored in the 
reactor spent fuel pool.

14.3.5 Process waste, technological 
and maintenance waste

Radioactive waste is continuously generated during the operation of a 
nuclear power plant. Process waste comes from the continuous clean-up of 
the coolant that is circulated through the reactor core. It also comes from 

6 The radiation level from core components comes mainly from γ-emitting radionu-
clides that are not absorbed in the core components material itself. Therefore the 
heat generation is lower.
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the control of releases of water and gas from the reactor facility. Clean-up 
is achieved by mechanically fi ltering the water and by ion exchange to 
demineralize the water. The purpose of the clean-up of the process water 
is to create a chemically benign environment to reduce corrosion and build-
up of debris on the fuel (crud) and also to reduce the source for activation 
products that can spread through the reactor systems. The purpose of 
control of releases is to ensure that only small amounts of radioactivity, 
which are well within the regulatory limits, are released from the reactor 
facility. The primary waste products produced in the process waste are fi lter 
cartridges and sludge of ion exchange resins, other fi lter material and evap-
orator concentrates. The fi lter cartridges can be handled in a similar way to 
other technological waste while the sludge needs solidifi cation before 
further handling as waste. The activity concentration depends on the proc-
esses used and the location of the fi ltering systems in the reactor. Particularly 
high activity would be found in the ion exchange resins in the primary 
system. The main radioisotopes are corrosion products, e.g. cobalt-60 and 
iron-55, and fi ssion products, e.g. cesium-134, cesium-137 and strontium-90. 
The amount of fi ssion products depends on the integrity of the fuel.

Technological and maintenance waste consists of exchanged components 
and material (e.g. paper, coveralls, discarded instruments, scaffolding and 
oils) that is used during maintenance. In most cases the activity concentra-
tion is very low in technological and maintenance waste. It contains the 
same radioisotopes as the process waste. Some exchanged components can 
have higher activity concentration. This can be reduced by mechanical or 
chemical decontamination as it is mainly surface contamination.

14.3.6 Decommissioning waste

A closed reactor can in its entirety be seen as waste, and the decommission-
ing and dismantling process can be seen as waste management. A key 
component in the management process is to segregate non-radioactive 
waste from radioactive waste. The larger part of the reactor, e.g. buildings 
and systems that have not been in contact with process waters or gases, can 
be regarded as non-radioactive waste and be taken care of like normal 
industrial waste. The remaining radioactive waste covers a wide spectrum 
of types and activity concentrations, ranging from core components with a 
very high radiation level to very low-level waste, similar to the maintenance 
waste.

A key component for successful decommissioning and dismantling is an 
effective and well-planned waste management system including choosing 
the right size of the waste packages and the right level of decontamination. 
The optimal levels will differ between countries depending on their entire 
waste management system, in particular the transport system and disposal 
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facility and the possibilities of recycling decontaminated material. Ideally, 
recycled material should be used without restrictions, but also some mate-
rial with a radioactivity concentration above the release limit could be 
recycled in the nuclear industry for waste packages or some reactor 
components.

14.4 Management systems for spent nuclear fuel

14.4.1 Overview

As described earlier in Section 14.2.3, there are different ways of looking 
at spent nuclear fuel, either as a resource to be reprocessed and recycled 
or as a waste to be disposed of in a geological repository. In the case of 
reprocessing the valuable materials, plutonium and uranium will be recy-
cled as MOX or REPU fuel and the remaining waste will need geological 
disposal.

The choice between the two options, recycling or disposal, will be based 
on strategic, political and economic factors. At present about 15–20% of all 
spent fuel is reprocessed and the plutonium and uranium recycled. The 
recycling takes place in light water reactors. Although over the years recy-
cling has been performed in several countries, it is primarily France that is 
doing it on an industrial level today. France has both reprocessing and MOX 
fabrication capacity. Other countries such as Japan, Russia and China are 
preparing for recycling. Recycling will lead to a better utilization of the 
natural uranium resource. Recycling in light water reactors will reduce the 
uranium consumption by about 25%. For more effective use, recycling in 
fast reactors will be necessary, which will allow multiple recycling of the 
generated plutonium and which can also utilize the depleted uranium from 
enrichment, which otherwise would be a waste product, as breeding mate-
rial for new plutonium that can be utilized as fuel. Theoretically, recycling 
in fast reactors could lead to the uranium being utilized at least 50 times 
more effectively, i.e. one could get 50 times more energy out of the natural 
uranium. Fast reactors are, however, not yet available on a commercial scale 
for electricity production. Important development work is going on in 
several countries, e.g. Russia, France, India, Japan, China and the United 
States. Except for India, it is, however, not expected that recycling in fast 
reactors will be of signifi cant importance before 2050. The technical and 
economic feasibility still needs to be proven before fast reactors can be 
introduced on a commercial scale. From a waste management point of view 
there could also be an additional added value in recycling in fast reactors 
as this could provide the possibility to also burn (transmute into shorter-
lived elements that can be disposed of more easily) some of the other 
transuranic elements, e.g. americium and curium, elements which make an 
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important contribution to the long-term radiotoxicity of the fuel (see 
Section 14.3.2).

Although the management system for spent nuclear fuel will be different 
depending on what management strategy is chosen, recycling or disposal, 
there are also many components in common.

The management system for recycling of the spent nuclear fuel includes 
the steps shown in Fig. 14.4. Reprocessing is normally performed 3–10 years 
after the fuel has been removed from the reactor. In principle the fuel can 
be transported away from the reactor already after about a year, but often 
the transport is later. At present it is not foreseen to recycle the MOX fuel 
again in light water reactors, but to store it for later use in fast reactors. It 
should, however, be realized that the spent MOX fuel has a higher heat 
generation, radiotoxicity and neutron radiation level than the correspond-
ing spent uranium fuel.7 This will be important should the spent fuel later 
be considered for direct disposal and not for recycling.

The management system for direct disposal of spent fuel has the compo-
nents shown in Fig 14.5. The cooling time before spent fuel can be disposed 
of in a geological repository will be typically 30–50 years or longer.

Over the years approximately 400,000 tonnes of spent fuel (measured as 
heavy metal (HM)) have been generated. About 100,000 tonnes of these 
have been reprocessed and the remaining 300,000 tonnes remain in the 
reactor pools or are stored in dedicated facilities within the power plant 
premises or in centrally located storage facilities either for direct disposal 
or awaiting a later decision to reprocess. More details about different 
storage facilities at the reactor site or centrally are given in Section 14.4.2.

Except for the reprocessing step, spent fuel management has so far been 
mainly a national activity. Storage facilities are built at the reactors or cen-
tralized in the country. No international storage facilities have been devel-
oped. The same is the case for the work on geological disposal. Although 
there is much international cooperation on research and development for 
geological disposal, there are no agreements between countries to develop 
a common geological disposal facility, in spite of the technical/economic 
advantages it could bear. Discussions have taken place in different fora but 
no real progress has been seen, mainly due to the political sensitivity of the 
subject. Reprocessing is the exception. Several countries have jointly 
fi nanced some reprocessing plants and sent their fuel for reprocessing to 
these plants. The agreements have, however, included the stipulation that 
the waste from reprocessing will be returned to the country of origin for 
further management and disposal.

7 The MOX fuel has a higher concentration of transuranic elements from absorption 
in different plutonium isotopes.
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14.5 Components of the management system for direct disposal of 
spent fuel.

14.4.2 Spent fuel storage

Irrespective of which option is chosen, the fi rst step in the spent fuel man-
agement is interim storage. The spent nuclear fuel element is mechanically 
the same as fresh fuel and can be handled as an intact fuel element. It is, 
however, highly radioactive and needs shielding and cooling during han-
dling. The shielding is mainly for gamma and neutron radiation from the 
fuel. The spent fuel element is thus, after removal from the reactor vessel, 
handled and stored under water that can provide adequate shielding and 
cooling.

All water-cooled reactors store the spent nuclear fuel in deep water-fi lled 
pools. The water depth is typically 10 metres or more to ensure that the 
water provides adequate shielding (3–4 metres coverage) during all han-
dling of the fuel. As the original intention in many cases was to reprocess 
the fuel, the size of the pools was designed to store a few years’ production 
only in these pools. In later reactors larger storage capacity has been pro-
vided, in some cases corresponding to 30 years’ production or more.

As reprocessing currently is used in only a few programmes, it has been 
necessary to expand the storage capacity for most reactors. Different 
methods have been used. In some cases it has been possible to pack the 
fuel closer in the existing pools by introducing neutron absorbers or by 
taking into account the fact that the reactivity of spent fuel is lower than 
that of fresh fuel for which the storage racks in the pools were designed 
(burn-up credit). In other cases new storage facilities have been built, either 
at the reactor site or at a central site away from the reactor, to which the 
fuel can be transferred. In some cases these are also built as deep storage 
pools, while in other cases the fuel is stored under dry conditions in metal 
or concrete casks similar to transport casks, or in vaults or silos. Dry storage 
can be used when the heat release has diminished suffi ciently after 5–10 
years of storage. Although there are several wet-type storage facilities in 
operation, the trend at present is to use dry storage facilities for long-term 
storage. These have the advantage of requiring less long-term maintenance 
and can also more easily be expanded as the needs arise. The most obvious 
example of the latter is the dry storage casks, which essentially can be pur-
chased as they are needed (Fig. 14.6). A typical modern storage cask can 
accommodate 20–40 PWR fuel elements or 50 – 100 BWR fuel elements, 
which means that a large reactor will require only about two to three casks 

�� �� �� �� ��



486 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

14.6 Storage of spent nuclear fuel in dry storage casks (Gorleben, 
Germany).

per year. The casks can be stored in simple warehouses and do not require 
strong buildings. There are also proposals for multipurpose casks that can 
be used for storage and transport and possibly even disposal. An overview 
of existing storage types is given in IAEA (2007c).

There is ample experience of long-term storage, up to 50 years, of spent 
fuel in water. So far no degradation of the fuel has been seen if the water 
quality is kept under control. The experience of dry storage is also good, 
although for a shorter period (less than 30 years). It is expected that the 
storage times can be extended without problems to at least 100 years, but 
the proof of such extension will require some further studies, in particular 
to ensure that the fuel can be removed after such a long period.

The main difference between wet storage and dry storage is the need for 
continuous cooling and chemical clean-up of the pool water to ensure a low 
fuel temperature and avoid long-term corrosion of the fuel or the spent fuel 
pools. Wet storage thus normally requires more staff for operation. Dry 
storage represents a much higher fuel and fuel cladding temperature, but a 
more benign environment, normally helium or argon gas. It is, however, 
important to have a follow-up programme of the fuel to ensure that the 
fuel can still be removed from the dry storage when the fuel is transferred 
to the next step. Most storage facilities are built above ground, but like the 
Swedish CLAB facility they could be built in a rock cavern to provide a 
better physical protection over long time periods (Fig. 14.7).

14.4.3 Spent fuel transport

The transport of spent nuclear fuel and radioactive waste is regulated by 
national authorities and based on the IAEA transport recommendations 

�� �� �� �� ��



 Spent fuel and radioactive waste management 487

© Woodhead Publishing Limited, 2012

14.7 Spent fuel storage pools in rock chambers at the Swedish Central 
Interim Storage Facility, CLAB, at Oskarshamn, Sweden (© SKB).

(IAEA, 2009c). For spent nuclear fuel so-called type B packages will be 
needed, that can sustain drops, fi res and submersion in water (more details 
of these tests are given in the transport recommendations). A transport cask 
for spent fuel is typically a cylinder about 5 m long and 1–2 m in diameter. 
It is designed to provide adequate shielding against gamma and neutron 
radiation, to control criticality and to remain tight in case of postulated 
accidents. The weight is around 50–100 tonnes (Fig. 14.8). There is ample 
experience of spent fuel shipments from nuclear power plants to reprocess-
ing plants or to central storage facilities (more than 100,000 tonnes). Most 
transports of spent fuel have been made by rail or ship, but also shorter 
transports on normal roads have been made. Transports have been made 
within countries such as France, Russia, the United Kingdom and the USA 
and also across borders, e.g. from Finland and Bulgaria to Russia, and from 
Japan and Germany to France and the United Kingdom.

14.4.4 Spent fuel reprocessing and recycling

The main reason for reprocessing is to separate the remaining uranium and 
plutonium in the fuel from fi ssion products and transuranic elements other 
than plutonium, so that these materials can be reused as material for new 
fuel (MOX fuel with plutonium mixed with uranium or REPU fuel with 
reprocessed uranium).

During reprocessing the spent fuel is dissolved in hot nitric acid and the 
solution is subsequently exposed to several chemical processing steps to 
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14.8 Transport container TN17 for spent nuclear fuel (© SKB).

separate the different components. In the present reprocessing facilities 
four main product streams can be distinguished:

• Uranium
• Plutonium
• Fission products and transuranic elements other than plutonium
• The metal components of the fuel element (fuel cladding, end pieces 

and spacers).

The uranium and plutonium are purifi ed such that they can be either reused 
as MOX fuel or re-enriched to form REPU fuel, while the waste streams 
are treated and conditioned as described in Section 14.3.3.

At present two large reprocessing facilities, La Hague in France and 
Sellafi eld in the UK, are in operation, with a capacity of 1600 and 800 tonnes 
of spent fuel per year (measured as heavy metal (HM)) respectively. A third 
large facility (800 tonnes HM/year) is in pre-commercial testing at Rokkasho 
in Japan. Smaller reprocessing plants (100–400 tHM/year) are in operation 
in Russia, India, Japan and China. Approximately 15–20% of the spent fuel 
being generated today is reprocessed. The remainder is stored for direct 
disposal or a future decision to reprocess.

Reprocessing is a proven industrial technology. Development work is 
going on to increase the proliferation resistance (e.g. by not producing 
separated plutonium). Recycling of the plutonium as MOX fuel in light 
water reactors as well as the reprocessed uranium is also performed on a 
routine basis, in particular in France. The economy of reprocessing and 
recycling in LWR will differ from country to country. The situation is quite 
different for a country with its own reprocessing facility than for a customer 
country. Some countries also have political concerns about reprocessing. All 
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in all this has led to the situation that today reprocessing plants are not fully 
utilized and most countries have adopted a wait-and-see position.

The increasing expectations for nuclear power use in the future have, 
however, revived the interest in reprocessing and recycling. Several initia-
tives have been launched over the last few years to increase the interna-
tional cooperation in this fi eld, e.g. the International Project on Innovative 
Nuclear Reactors and Fuel Cycles (INPRO) (IAEA, 2010), the Generation 
IV International Forum (GIF, http://www.gen-4.org/ ), and the International 
Framework for Nuclear Energy Cooperation (IFNEC, earlier the Global 
Nuclear Energy Partnership (GNEP)).

For nuclear energy to be sustainable in the long term (more than a few 
hundred years) it will be necessary to introduce at some time fast reactors 
that will utilize the uranium resource in a more effi cient way. The real eco-
nomic value of recycling will only come with the development of fast reac-
tors. The important question for spent fuel management is when fast reactors 
will be introduced such that recycling can have a real impact.

The waste from reprocessing, i.e. HLW containing fi ssion products and 
transuranic elements, and ILW containing the metal components of the fuel 
elements and secondary waste, will require geological disposal after condi-
tioning. The heat generation from the HLW needs to be considered in the 
design of the repository. Development work is going on to also separate out 
the transuranic elements during reprocessing to reduce the long-term heat 
generation (over >100 years) and also the radiotoxicity of the high-level 
waste (advanced reprocessing). This would have the potential to simplify 
the design of the repository and the long-term safety assessment (although 
the transuranic elements rarely are dominating the doses in the safety 
assessment). To achieve this gain, the separated transuranic elements will 
need to be recycled and burned in a fast reactor system. As for fast reactors, 
this development will require at least another 50 years for commercial 
introduction.

14.4.5 Storage and transport of waste from reprocessing

The HLW from reprocessing has a high radiation level and generates heat. 
It will thus require special care for storage and handling. The HLW canisters 
are stored at the reprocessing plants in large vaults. Normally the HLW 
canisters are stacked on top of each other (about 10) in tubes that are 
cooled by air from the outside. Transport of the HLW is carried out with 
transport containers similar to those used for spent fuel. These containers 
can also be used for storage of the waste.

The ILW and LLW from reprocessing has a very low heat generation and 
can be stored and transported in a similar way to ILW and LLW from 
nuclear power plants (see Section 14.5.3).
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14.4.6 Disposal of spent nuclear fuel and waste 
from reprocessing

Spent fuel and high-level waste from reprocessing is highly radioactive and 
remains dangerous for thousands to hundreds of thousands of years and 
will require isolation in a deep geological repository. Also the ILW from 
reprocessing will require disposal in a geological repository. So far no such 
repository has been built. There is, however, an international consensus 
among the experts that disposal in a deep geological repository can be made 
in a safe way and that the long-term safety can be assessed (NEA, 1999a, 
1999b, 2009; Witherspoon and Bodvarsson, 2006). Several countries are 
developing the design for a deep geological repository and are in the process 
of looking for a suitable site. Good progress is being made in Finland, 
France and Sweden. Finland and Sweden have decided to dispose of the 
spent fuel directly. Sites have been chosen and the licence is under prepara-
tion. Operation is foreseen to start shortly after 2020. France will dispose 
of high-level vitrifi ed waste and other long-lived reprocessing waste at 
depth in a clay formation in eastern France. The detailed siting is going on 
and operation is planned for around 2025. The progress of all these three 
projects will be very important as it will show the feasibility of disposal 
irrespective of whether the fuel is reprocessed or not.

The principles employed for geological disposal are fairly simple. The 
waste, which in itself is a solid that is resistant to dissolution and leaching, 
is placed in a tight container that is designed to remain tight for a long time 
and the container is placed in an environment that is benign for keeping 
the tightness. To ensure the latter, the siting looks for a geological medium 
that can be expected to remain mechanically and chemically stable for the 
long time periods required. In particular the chemical processes at depth, 
with small water movements, are very slow.

The safety of waste disposal is based on the multibarrier principle, i.e. the 
waste shall be surrounded by several barriers that are functioning inde-
pendently of each other. This means that if one barrier fails, or our knowl-
edge of the processes affecting the integrity of that barrier is not correct, 
the other barriers will ensure the long-term safety.

In Fig. 14.9 the disposal concept (KBS-3) developed in Sweden and 
Finland is shown. The spent fuel is encapsulated in copper canisters that are 
stabilized by an internal iron structure. The waste canisters are placed in 
boreholes at the bottom of tunnels at about 500 m depth in the granitic 
rock found in Sweden and Finland. In the boreholes the canisters are sur-
rounded by bentonite clay, which provides a mechanical and chemical pro-
tective buffer. At the end also the tunnels are backfi lled with a mixture of 
bentonite and sand. This is the system that will be used for the fi rst geologi-
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cal disposal facilities that are considered in these countries for disposal of 
spent nuclear fuel. The barriers are:

• The fuel matrix itself, in which most of the radioactive elements are part 
of the matrix and are released only when the matrix is dissolved or cor-
roded. The dissolution/corrosion rate is very low in the kind of water 
existing at the repository depth.

• The copper canister, which is highly corrosion resistant in the chemical 
environment created by the bentonite and the reducing groundwater at 
the repository depth. The iron structure in the canister ensures the 
mechanical stability of the canister against the pressures found at depth 
from the rock, the groundwater and the swelling bentonite clay.

• The bentonite clay, which reduces the infl ow of corrodants from the 
ground water to the canister and also ensures that the outfl ow of radio-
nuclides from the fuel, if the tightness of the canister is broken, is very 
slow. The bentonite also has a chemical buffering effect, keeping a stable 
pH.

14.9 Schematic presentation of the KBS-3 disposal system for spent 
nuclear fuel to be implemented in Finland and Sweden (© SKB, 
illustration by Jan M. Rojmar – Grafi ska Illustrationer).
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• The surrounding rock, which has a low water fl ow and ensures that the 
transport of corrodants to the bentonite buffer and the canister is slow. 
The rock also provides mechanical stability around the canister. Finally 
the rock acts as a fi lter if the tightness of the canister is broken and 
radionuclides are transported out from the fuel through the canister and 
the bentonite. The fi ltering function has two components. First, the trans-
port of water is very slow, thus providing time for radiological decay of 
the radionuclides, and second, the transport is further delayed by chemi-
cal adsorption of the radionuclides at the surfaces of the cracks through 
which water and radionuclides are transported.

Similar disposal systems are being being considered in other countries 
but have to be adapted to the specifi c geological settings chosen and to the 
waste forms. Different geological media are being considered in different 
countries. In addition to hard rock like granite, also clay and salt formations 
as well as sedimentary rocks are being investigated. As noted above, a clay 
formation has been chosen in France, for example, and disposal in salt has 
been the main line of investigation in Germany. Also different canister 
materials are being considered.

The disposal of ILW could in principle be based on a simplifi ed version 
of the basic principles for HLW disposal, as the main concern for this waste 
could be human intrusion disposal at less depth, e.g. 100 m is considered 
for ILW. A repository for ILW has been in operation in the USA since the 
mid-1990s. It is the Waste Isolation Pilot Plant (WIPP) in Carlsbad, New 
Mexico. Here the waste is disposed of in a dry salt formation in large salt 
rock chambers that are subsequently backfi lled with crushed salt (Fig. 
14.10). Another ILW repository is under construction in Germany at the 
Konrad mine.

An important component in the development of a deep geological dis-
posal facility is the study of different technologies and processes in under-
ground research facilities. Several such facilities have been developed 
around the world, e.g. the HADES facility in clay in Belgium, the URL in 
granite in Canada, the Äspö laboratory in granite in Sweden, and Grimsel 
in granite and Mont Terri in claystone in Switzerland.

Waste disposal is not only a technical question, it is a highly political and 
societal question and requires a strong commitment from society as well as 
from the industry. In several countries there have been political setbacks 
delaying programmes. The most spectacular ones have been in Germany 
and the USA. In Germany the development towards a repository in the 
Gorleben salt dome was well underway in the 1990s when it was halted by 
a political decision on a 10-year moratorium to investigate alternatives. At 
the time of writing this book (September 2010) discussions are underway 
to resume the work in Gorleben. In the USA a decision was made several 
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14.10 The Waste Isolation Pilot Plant uses a continuous miner to carve 
disposal rooms out of the Permian Salt Formation, nearly a half mile 
below the surface (© US DOE).

years ago to develop a repository at Yucca Mountain in Nevada. Following 
many years of costly investigations and the preparation of an extensive 
licence application, a political decision was, however, made in 2009 to bring 
the project to a halt, although at the time of writing the fi nal fate of Yucca 
Mountain is not yet determined. These examples show that politics can 
easily cost much more than engineering.

14.5 Management of low- and 

intermediate-level waste

14.5.1 Overview

Contrary to spent nuclear fuel and high-level waste, there is no need to put 
LLW and ILW in interim storage for heat decay. This waste can be disposed 
of directly after it has been conditioned and packaged if a disposal facility 
is available. Some buffer storage is, however, normally built at the reactor 
site. The steps for management of LLW/ILW are shown in Fig. 14.11. The 
fi rst step is normally performed at the power plant and results in a package 
that is clean on the outside and can be further handled in the subsequent 
steps. In some cases also, centralized treatment and conditioning facilities 
have been erected, e.g. for incineration or melting of low-level waste.

A central principle for the management of LLW and ILW is waste mini-
mization in both activity and volume by appropriate design measures and 
operating and decommissioning practices. A key component is the selection 
and control of materials used in the nuclear power plant or during 
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14.11 Steps for management of LLW/ILW.

maintenance. Bringing unnecessary material into the radiologically control-
led zone should in particular be avoided as this might later be declared as 
radioactive waste. It is further recommended to segregate the waste pro-
duced at the source to avoid cross-contamination of low-active material 
with material with higher activity. Other methods for waste minimization 
are decontamination of the waste for recycling to the extent possible and 
economically justifi ed and compaction and/or incineration of compactable 
and combustible waste.

14.5.2 Treatment and conditioning of LLW and ILW

As described in Section 14.3, a wide variety of radioactive waste is gener-
ated during the operation and maintenance of a nuclear power plant and 
during the fi nal decommissioning and dismantling of the reactor. They are 
generally distinguished as wet and solid waste. In addition also gaseous 
waste is generated. These wastes are released to the atmosphere after 
appropriate fi ltration and the fi lters containing the important radioactivity 
can be handled as solid waste.

The purpose of the treatment and conditioning is to produce a waste 
package that is suitable for the subsequent waste management steps, i.e. 
storage, transport and disposal (Fig.14.12). Another purpose is to reduce 
the volume as is much as is economically justifi ed.

Liquid waste, i.e. contaminated water, is treated by chemical precipita-
tion, ion exchange, mechanical fi ltering and/or evaporation depending on 
the concentration of radioactivity in the water and the cleanliness of the 
water, as well as the further use for the water. The products from these 
treatment processes are wet sludge (solid content <15%), spent ion exchange 
resins, and fi lter cartridges. The sludge and ion exchange resins are normally 
then conditioned to form a solid body (solidifi cation) directly in a package 
suitable for handling and disposal, while the fi lter cartridges can be handled 
as solid waste.

The methods most commonly used for solidifi cation of wet wastes are 
cementation, bitumination, polymerization and vitrifi cation. In the cemen-
tation process, which is the most widely used method, the waste is mixed 
with cement to form a concrete that is poured directly into the waste 
package. Care must be taken that the chemical composition of the waste is 
compatible with the cementation process. The process is fairly straightfor-
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14.12 Different types of waste packages for low- and intermediate-level 
waste.

ward and is widely used in most nuclear power plants. A drawback is that 
it normally leads to a volume increase. In the bitumination process wet 
wastes are mixed with hot bitumen and the remaining water is driven off, 
thus providing a volume reduction. The bitumen/waste mixture is then fi lled 
in the fi nal waste package, normally a 220-litre drum. Bitumination is used 
at some nuclear power plants and also some reprocessing facilities. More 
recently also polymerization and vitrifi cation technologies have been devel-
oped for wet LLW and ILW. In the polymerization process the waste is 
mixed with a polymer that uses the excess water for polymerization. In the 
vitrifi cation process the waste is heated together with glass-forming com-
ponents to create a radioactive glass. Vitrifi cation normally requires that 
the wet wastes are pre-dried. The different processes considered for condi-
tioning of wet wastes have different advantages and disadvantages. The 
choice of process will depend on many factors such as the volumes to be 
treated, the activity concentration, the chemical composition, the require-
ments from the disposal facility and the end costs.

Solid waste has a wide variation in physical form and activity content and 
the chemical form of the activity. Metal waste is normally decontaminated 
with mild acids such that the material can be reused. When a material is 
fi nally declared as waste it is then separated into combustible, compactable 
or non-compactable waste. Combustible waste can be incinerated and the 
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ashes taken care of as wet or solid waste and the fi lters as solid waste. An 
incineration facility for radioactive material is, however, an expensive instal-
lation and will normally require a substantial volume of waste to be inciner-
ated. Most of the incinerators installed are therefore central for a country, 
e.g. in France and Sweden. For compactable waste different types of com-
pactors are used, ranging from simple drum compactors, where the waste 
is compacted directly in the waste package drum, to high pressure 
(>1000 Mg) supercompactors. In the supercompactors standard 220-litre 
drums with waste are compacted to form thin ‘slices’ that can then be pack-
aged in a drum for subsequent handling. To stabilize the compacted waste 
or non-compactable waste in the fi nal waste package, concrete is normally 
poured into the package to provide a solid monolith.

An important part of the waste treatment and conditioning processes is 
waste characterization. It has to be ensured that the waste form is suitable 
for the next step, e.g. has the suitable chemical form and/or activity concen-
tration. It is particularly important that the conditioned waste package will 
fulfi l the requirement, i.e. the waste acceptance criteria, for transport and 
disposal.

In most cases each nuclear power plant is equipped with the appropriate 
facilities for waste handling, treatment, conditioning and storage. In some 
countries centralized facilities, e.g. for incineration, have been built. In other 
countries mobile treatment and conditioning facilities have been intro-
duced, that can serve several nuclear power plants.

14.5.3 Storage and transport of LLW and ILW

The waste packages that are produced have been adapted to the require-
ments for storage and transport as well as for disposal. Different types of 
packages are used. The most common are standard 220-litre steel drums or 
standard 10- or 20-foot shipping containers. Other types of containers are 
steel packages of other sizes and packages with a concrete wall that pro-
vides some shielding. The packages are normally clean on the outside so 
that the further handling can be made without the need to consider con-
tamination. The packages, however, still emit radiation that needs to be 
considered during the handling. In many cases the radiation level is such 
that the packages can be handled, stored and transported without extra 
shielding, i.e. the packages fulfi l the transport regulations. For waste with a 
higher activity concentration, the dose rates from the waste packages are 
higher and they will need extra shielding during handling, storage and 
transport.

LLW and ILW can be stored in fairly simple warehouse-type buildings. 
Normally the walls are made of concrete of appropriate thickness to provide 
shielding for the outside.
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Transports of LLW and ILW need to fulfi l the transport requirements. 
LLW packages that by themselves fulfi l the requirements can be trans-
ported in simple standard shipping containers, while packages with a higher 
dose rate will need to be transported in sturdy thick-walled containers. In 
many cases it should be enough to fulfi l the requirements for so-called type 
A containers, while in some cases with a higher activity concentration type 
B containers will be needed (IAEA, 2009c).

LLW and ILW can be transported in a similar way to spent fuel and high-
level waste on trucks, trains or ships, depending on the locations of the 
nuclear power plant and the repository.

14.5.4 Disposal of LLW and ILW

LLW is defi ned as waste that contains only limited amounts of long-lived 
radionuclides, but still requires robust isolation and containment for periods 
up to a few hundred years. It is suitable for disposal in engineered near-
surface facilities. ILW has a radioactivity content that requires disposal at 
greater depths, of the order of tens of metres to a few hundred metres. 
Disposal of ILW was discussed in Section 14.4.6.

Disposal facilities for LLW have been in operation for more than 20 years 
in several countries around the world. Some of the earlier disposal facilities 
had a very simple design and the waste was essentially disposed of in 
trenches above the water table and with a watertight cover. The more 
modern disposal facilities have a more engineered design with several bar-
riers against release. Two different types can be distinguished, engineered 
surface facilities and engineered facilities in rock chambers. Both types of 
facilities can superfi cially be described as disposal in a house that should 
remain tight for water intrusion, but which still has control over any water 
coming out from the house. In all cases the multiple barrier approach is 
being used to ensure long-term containment of the radioactive elements.

Two examples of near-surface engineered facilities are the Centre de 
Stockage de l’Aube (CSA) in France and El Cabril in Spain, which have 
been in operation since the early 1990s. Similar facilities are in operation 
or under construction in several other countries, e.g. Japan, China and 
Belgium.

In CSA the disposal is made in large concrete structures (25 × 25 × 8 m) 
that are built on the surface (Fig. 14.13). The conditioned waste packages 
are placed in the concrete structures and subsequently surrounded by con-
crete. When one concrete structure is fi lled a reinforced concrete lid is cast, 
including an impermeable cover. The disposal operations take place under 
a temporary roof that can be moved from disposal structure to disposal 
structure. Underneath the concrete structure there is a channel system for 
collection and control of any water that might come out of the structure. 
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14.13 Aerial view of the Centre de l’Aube disposal facility for low-level 
waste in France (© 4 vents).

Each concrete structure can house about 2500 m3 of conditioned waste. The 
whole CSA site is designed for 1,000,000 m3. After completion of the dis-
posal the concrete structures will be covered by clay and earth and grass 
will grow on top of the mounds thus made (Fig. 14.14). The site is intended 
to be surveyed, including control of any effl uents, for at least 300 years, i.e. 
approximately 10 half-lives for cesium-137 and strontium-90. The long-term 
safety of the disposal (>300 years) is based on the low content of long-lived 
radioelements, the characteristics of the waste form and packages, the 
watertight concrete structure and fi nally the surrounding geology with a 
low water fl ow.

LLW disposal facilities in rock chambers at about 100 metres depth are 
in operation at Olkiluoto and Loviisa in Finland and Forsmark in Sweden 
(SFR). Other similar facilities are under construction in Korea. In some 
countries disposal of LLW is planned at greater depth, e.g. in Germany 
(Konrad) and Canada (Bruce).

In SFR the repository has been placed between 50 and 100 metres below 
ground level. It consists of several different rock chambers that have been 
adapted to the type and activity level of the waste (Fig. 14.15). Some very 
low-level waste is disposed of directly in the rock chambers with no extra 
barriers than the waste package itself and the rock, while the more active 
LLW is placed in a large concrete silo (50 m high, 50 m diameter) and sur-
rounded by concrete. Between the concrete silo wall and the rock a buffer 
of bentonite clay is introduced to further reduce any leakage. The multiple 
barriers are thus the waste form and package, the concrete structures, the 
bentonite clay and the rock. The facility has been built with the intention 
of making it possible to abandon it without further surveillance once it has 
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14.14 Aerial view of the Centre de la Manche disposal facility in France. 
The disposal facility has been closed and covered with clay and grass 
(© Zorilla Production).

been fi lled. Whether this will happen in reality is of course a decision to be 
taken by future generations.

Very low-level waste (VLLW) is defi ned as waste that does not meet the 
criteria for exemption, but has such low activity content that it does not 
need a high level of containment and isolation. It is thus suitable for dis-

14.15 Cut-away view of the Swedish Disposal Facility for Low Level 
Waste, SFR, at Forsmark, Sweden (© SKB, illustration by Jan M. Rojmar 
– Grafi ska Illustrationer).
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posal in near-surface landfi ll-type facilities. An example of such a disposal 
facility is Morvilliers in France (Fig. 14.16). These types of facilities should 
also be part of the infrastructure needed in any individual country introduc-
ing nuclear power plants. They will be needed at the time of dismantling a 
power plant.

14.6 Conclusions

The management of radioactive waste has sometimes been seen as the 
Achilles heel of nuclear power production. It will require very long-term 
considerations also for the period after the nuclear power production has 
been stopped. Some of the radioactive wastes are very hazardous and will 
require very careful handling and management. They are also long-lived 
and will require isolation over hundreds to hundreds of thousands of years. 
The volumes to be handled are, however, quite small and the utmost care 
can be exercised without signifi cantly increasing the cost of nuclear power 
production (a few percent of the production cost) or putting undue burdens 
on the future. All countries with nuclear power plants have an active pro-
gramme to responsibly manage their radioactive waste by treatment, con-
ditioning and storage today and by operating or developing disposal 
facilities for tomorrow. Preparations for disposal of low-level waste from 
reactor operation should be considered from an early phase of planning 
nuclear power as these types of waste will occur from the start of the 
reactor. They should be part of the infrastructure necessary for starting a 
nuclear power programme. Also the future handling of the spent nuclear 
fuel should be considered at an early stage, although construction of facili-
ties will only be needed decades later.

14.16 Disposal of very low-level waste at the disposal facility for very 
low-level waste at Morvilliers, France (© Emmanuel Gaffard).
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In this chapter several examples of the management principles, strategies 
and methods have been described. It should be clear that the fi nal choice 
of strategy will depend on the national conditions, e.g. size and prospects 
of the nuclear power programme, industrial capacity and geological condi-
tions. It will often be too early for a country considering the introduction 
of nuclear power to decide from the beginning what strategies should be 
chosen, e.g. concerning reprocessing and recycling and concerning disposal. 
It is, however, very important that good comprehension of the options is 
developed early and to see how different options could be implemented in 
the specifi c country. It is also very important to ensure from the start of 
nuclear power production that funding will be available to take care of the 
waste (including decommissioning of the power plants) when needed, 
taking into account that many of these costs will appear long after the 
power production has stopped. It should be realized that introduction of 
nuclear power implies an undertaking for a hundred years or more.
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15
The economics of nuclear power: past, 

present and future aspects

H.-H. ROGNER, International Atomic Energy Agency 
(IAEA), Austria

Abstract: The economics of nuclear power are reviewed from the 
perspectives of investments, fi nance and overall competitiveness versus 
alternatives on a life-cycle basis. Nuclear power plants, once built, are 
cheap to operate but their construction is expensive, and with current 
commercially available unit sizes they represent a sizable fi nancial 
exposure and economic risks to investors. Long lead times for planning, 
licensing and construction as well as payback periods counted in decades 
further compound investor risks. Policies that reward environmental 
performance generally improve the competitiveness of nuclear power. 
The chapter touches upon direct economic costs as well as externalities 
and government policy in support of the technology.

Key words: nuclear power economics, fi nance, generating cost, 
externalities.

15.1 Introduction

15.1.1 Current status of nuclear power in global 
energy supplies

By November 2011 there were 433 nuclear power plants in operation world-
wide with a total installed generating capacity of 367 gigawatts (GWe). 
There were 65 plants under construction with a combined capacity of 
62.6 GWe. In 2010 the global fl eet of nuclear generating stations produced 
2630 terawatt-hours (TWh) of electricity or about 13.5% of total supply.

This chapter is the copyright of the International Atomic Energy Agency (IAEA) 
and is reproduced by the Publisher with the IAEA’s permission. Any further use or 
reproduction of the chapter, in whole or in part, requires the permission of the 
IAEA. The chapter has been written by a staff member of the IAEA in his/her 
personal capacity and not on behalf of the IAEA or the Director General of the 
IAEA. The views expressed in the chapter are not necessarily those of the IAEA 
and that the IAEA disclaims all liability in connection with the chapter and any use 
made thereof.
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The fi rst decade of the twenty-fi rst century was a paradoxical period for 
nuclear power. Projections of future growth were revised upwards year by 
year even though global installed nuclear generating capacity did not grow 
materially and actually declined after 2007 as several plants were retired 
and no new reactors were connected to the grid in 2008. It was the fi rst year 
since 1955 without at least one new reactor coming on-line. There were, 
however, 10 construction starts, the most since 1987. In 2009 installed 
nuclear capacity dropped yet again, the fi rst two-year drop in nuclear 
power’s history, with three reactors being retired and only two new ones 
connected to the grid. But the projections for nuclear power growth by 
reputable international organizations were again revised upward, by about 
8%, even as the world was still dealing with the fi nancial and economic 
crises that started in late 2008. One reason for the higher projections was 
that construction starts on new reactors also increased. There were 11 new 
construction starts (see Fig. 15.1), extending a continuous upward trend that 
started in 2003. With 16 construction starts, the year 2010 witnessed a con-
tinuation of this trend and the 67 plants under construction at the end of 
2010 is the highest number since 1987.

Then again, the share of nuclear-generated electricity in global supplies 
has been slipping throughout the twenty-fi rst century. In 2009 it was just 
below the 14% mark (down from 16.8% in 2000) and many analysts have 
interpreted this as a clear sign of a nuclear demise as nuclear capacity 
growth was routinely outpaced by total capacity growth. Still, in 2010 every 
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seventh kilowatt-hour (kWh) produced globally is generated by nuclear 
power.

The short-term reality of declining market shares is in juxtaposition with 
the interest expressed by more than 60 countries currently without nuclear 
energy to add the technology to their national energy supply portfolio 
(IAEA, 2010).

15.1.2 Past (economic performance) experience – 
lesson learned

The promise of electricity ‘too cheap to meter’ of the 1950s and early 1960s 
brought about a quasi-unprecedented enthusiasm for a new technology 
throughout societies around the world. It was going to open up an era of 
abundant and clean electricity and stop the fi lth and smoke of oil- and 
coal-fi red power plants. Numerous countries launched ambitious peaceful 
nuclear power programmes, a trend that was further fuelled by the oil 
supply crises and associated price hikes of 1973 and 1979. Global nuclear 
generating capacity expanded rapidly beginning in the 1960s from barely 
1 GW to 325 GW by 1990. During these early years, nuclear power plants 
were enthusiastically supported and mostly funded by governments in large 
part to develop and commercialize this new technology. Utility orders 
began to mushroom by the 1970s and expectations were that nuclear power 
would provide the lion’s share of electricity globally by the beginning of 
the twenty-fi rst century. The order books of the nuclear industry were 
brimful as plant orders poured in by the hundreds.

Reality, however, proved different. Beginning in the early 1980s numer-
ous orders were cancelled – even where plant construction had almost been 
completed – and global nuclear power faced stagnation which lasted until 
about 2002–03. There were many reasons for these cancellations and sub-
sequent stagnation but the bottom line was economics. Given the current 
rising interest in nuclear power, a review of factors underlying past nuclear 
stagnation and whether the situation is different today than 30 years ago 
is in order. In essence, the following factors chiefl y determined and will 
continue to determine the economics of nuclear power: market structure, 
government policy, generating costs relative to alternatives, fi nance, public 
acceptance and environmental performance.

Looking back to the 1980s, the nuclear stagnation is not attributable to 
a single factor but is rather the result of a combination of several (often 
unrelated) factors. Regarding demand, while the oil price shocks of the 
1970s had been a major driver of the nuclear expansion, they also had 
prompted government policy mandating effi ciency improvements through-
out the energy system as well as the development of alternative energy 
sources. High fossil fuel prices not only provided incentives for accelerated 
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exploration and development of non-OPEC oil resources but also resulted 
in structural economic change in many industrialized countries, i.e., a shift 
from energy-intensive primary and secondary manufacturing industries to 
tertiary (service and knowledge based) industries. The net effect of all these 
measures was a considerably lower growth in electricity demand which due 
to time lags became only evident by the early 1980s. Demand uncertainty 
– until then a relatively insignifi cant risk – became a new challenge. Risks 
were further compounded by the emergence of surplus generating capacity 
in many markets. Long lead times in power capacity planning and plant 
construction made it diffi cult to respond in a timely manner to the new 
demand situation. As a result many – nuclear and non-nuclear – power 
plant orders were cancelled or halted where construction was already 
underway.

At the time, electricity supply was viewed as a strategic good and most 
electricity utilities were government owned. In markets where utilities were 
privately held, strict regulatory oversight ensured cost controls, supply reli-
ability and security. In either case, utilities were vertically integrated, viewed 
as natural monopolies without real market competition (except with other 
fuels). In return for quasi-guaranteed markets, utilities had a supply obliga-
tion at government-controlled sales revenues. Revenues were usually struc-
tured to cover actual fuel and variable operating and maintenance (O&M) 
costs plus, in the case of private sector ownership, a regulated (reasonable) 
return on capital. Through direct ownership or through the regulatory 
approval process, governments directly infl uenced investment decisions and 
technology choices.

In essence, privately owned utilities operated under a ‘cost plus’ scheme, 
i.e., they could essentially recoup all costs, including investments – even if 
these were higher than anticipated (unless imprudently incurred) or if 
demand turned out lower than projected. To that extent, the economic risk 
of electricity supply was entirely borne by the taxpayer. It was this low-risk 
framework that enabled utilities to invest in capital-intensive generating 
stations such as hydro or nuclear power. However, the situation changed in 
the 1980s, in large part in response to surplus generating capacities in many 
markets and the resulting widely differing rates between regional markets. 
Another change concerned a shift in the recognition of the different roles 
of public and private sector entities and their respective effi ciency and 
effectiveness in decision making and risk management. Regulated electric-
ity markets gave way to deregulation and market liberalization. Many gov-
ernment utilities were privatized. Electricity market competition, unbundling 
of generation, transmission and distribution instead of quasi-natural 
monopolies became the new paradigm in many countries for addressing 
surplus capacity and stranded costs, reducing rate differences between 
regional markets and encouraging electricity trade. Competition, partition-
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ing and allocating risks to entities that are best positioned to manage them 
were hailed to improve effi ciency and overall market transparency and 
ultimately incur lower costs to consumers. Clearly ‘cost plus’ rate setting as 
well as long-term investment planning and decision making became a thing 
of the past overtaken by short-term shareholder value optimization.

Investment in nuclear power, however, not only requires long-term plan-
ning but also involves long pay-back periods and lower returns than alterna-
tive investment opportunities – characteristics which proved incompatible 
with short-term shareholder optimization. The general retreat of govern-
ment involvement (usually with longer planning horizons) in fi nancing elec-
tricity sector investment – be it because of general divesture or the many 
other non-energy demands on government budgets or economic transition 
– further reduced the attractiveness and market potentials of nuclear power.

In addition, the track record of the nuclear industry to deliver nuclear 
power plants at budget and on schedule was marred as construction delays 
and cost overruns through the 1980s often became the norm rather than 
the exception. The plants built in the 1970s were scaled-up adaptations of 
smaller demonstration plants built in the 1960s, thus effectively represent-
ing a ‘fi rst-of-a-kind’ experience. Often designs were being fi nalized on-the-
fl y during construction, resulting, at times, in widely differing fi nal plant 
designs for initially identical units as different engineering approaches and 
design improvements provided for different solutions (NEA, 2009).

While extreme cases of cost overruns, e.g., of an order of magnitude, or 
delays of many years were rare, and many less extreme delays and overruns 
can be rationalized (see below), they brought many utilities to the brink of 
bankruptcy and the reputation of the industry with investors plummeted 
and has yet to be fully restored. Several factors – partly beyond the control 
of the industry – contributed to plant completion delays and cost overruns. 
The 1979 Three Mile Island (TMI) accident in the United States raised 
safety concerns and prompted regulators to toughen safety regulation. New 
regulatory requirements mandated upgrading of existing plants and plants 
under construction with additional and more complex safety features. For 
plants under construction this resulted in extended construction schedules 
and added costs; for completed plants it meant lengthy shutdowns and 
loss of sales revenues. Moreover, the early 1980s saw a period of two-digit 
interest rates and high infl ation which further compounded cost overruns 
through cost escalation and accumulated interest during construction.

The TMI accident also adversely affected public and political acceptance 
and served as a wake-up call to investors about the economic and technical 
risks of nuclear power plants. Governments seeing their budgets stressed 
by cost overruns began to see the technology in a different light. The revised 
regulatory and plant licensing procedures also opened prospects for the 
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involvement of civil society through public hearings, environmental impact 
assessments and legal intervention. Especially, anti-nuclear groups seized 
the opportunity and over time perfected the effectiveness of legal interven-
tion, causing further delays and added costs.

As regards overall energy supply, the stepped-up investments in non-
OPEC oil exploration and production capacity as well as the delayed effect 
of effi ciency and performance standards began to impact the international 
oil market: lower demand was met by rising supplies exerting downward 
pressure on prices. This situation culminated in 1986 when OPEC lost 
control and global oil prices collapsed (and gas and coal prices followed 
suit), compromising the economic rationale for nuclear power. Plentiful 
cheap oil and gas on the one hand, and the advent of low capital cost, highly 
effi cient combined cycle gas turbines (CCGT) with smaller unit sizes and 
considerably shorter construction and payback schedules than nuclear 
power (and coal), on the other hand, offered utilities less bulky and lower 
risk investment opportunities. Smaller unit sizes were highly welcome in 
markets with uncertain electricity demand prospects, and high returns were 
consistent with short-term profi t and shareholder value maximization.

With plentiful cheap oil and gas available, energy supply security – the 
prime driver of nuclear power in the 1970s – was no longer a national policy 
concern in most countries. Environmental performance also appeared less 
a matter of concern. Policies targeted at controlling sulphur and nitrous 
oxide emissions chiefl y responsible for local air pollution and regional 
acidifi cation had taken effect already in many industrialized countries and 
the threat of climate change had not yet been high on the international 
environmental agenda.

In summary, the economics of the day had already disfavoured nuclear 
power with investors when the disastrous Chernobyl accident of April 1986 
– like the straw that broke the camel’s back – also turned the public at large 
against the technology. Many reactor orders not already cancelled for eco-
nomic reasons were now stopped due to safety fears and several countries 
decided to abandon their national nuclear power programmes. The global 
nuclear power situation was further set back by the disintegration of the 
Soviet Union and consequent economic collapse.1

1 This was the situation in Western Europe (except France where nuclear power 
construction continued well into the 1990s), North and Latin America but not neces-
sarily in Asia (see below) where energy security remained high on the political 
agenda (due to lack of indigenous energy resources) or fast-growing and populous 
countries with ambitious economic development aspirations judged the benefi ts of 
nuclear higher than the risks. And in Latin America and Africa, nuclear power has 
played only a marginal role.
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15.1.3 Impact on the nuclear industry

Few new reactors were ordered after 1986; the number coming on line from 
the mid-1980s little more than matched retirements. Chernobyl and electric-
ity market liberalization were generally viewed as the fi nal nails in the coffi n 
of nuclear power. It was inconceivable for many analysts that nuclear power 
could survive in the absence of ‘cost plus’ pricing in a competitive market. 
While the number of construction starts indeed suggested an early demise 
of the industry, it was not lack of construction but market pressures and 
competition that forced it to streamline and consolidate operations. In a 
deregulated environment, with the rate base eliminated, revenues are based 
solely on the difference between a plant’s operating and fuel (or short-run 
marginal) costs plus the remaining debt on yet to be depreciated assets and 
the market price of electricity.2 Many analysts were of the opinion that the 
remaining debt on nuclear power plants would make them too expensive 
to compete with coal- and gas-fi red generation. Economic rationale sug-
gests, however, that an existing plant continues operating as long as reve-
nues cover marginal operating cost irrespective of any debt as even small 
margins above short-run costs contribute to debt repayment and profi ts.

For a capital-intensive technology in a competitive market such as nuclear 
power, it is vital to put the assets to productive, i.e. revenue, generating use. 
The more kWh a plant generates, the lower its total production costs per 
kWh as fi xed costs are distributed over more kWh. Until the early 1990s, 
the load factor (the percentage of time a plant generates full capacity elec-
tricity to the grid) of the global fl eet of nuclear power plants hovered 
around 65%. Competition forced nuclear operators to condense mainte-
nance outages, reduce overhead costs through consolidation of different 
plants, and implement numerous other management measures. By 2005 the 
global load factor reached more than 80% (see Fig. 15.2) which allowed 
continued growth in nuclear generation, despite aggregate capacity expand-
ing only 14% over the period (see Figs 15.3 and 15.4). The vastly improved 
utilization of existing capacities worldwide corresponds to a virtual con-
struction of more than 30 1000 MW nuclear power plants.

Variable operating costs, essentially fuel costs, are a comparative advan-
tage of nuclear power, especially in competitive markets and when plants 
are fully depreciated, thus making licence extension highly profi table for 
many nuclear operators. The reason is straightforward: it costs considerably 
more to build any type of new generation – fossil, nuclear or renewable – 
than to invest in the maintenance/replacement of some nuclear components 

2 For new plants, revenues must be adequate to cover total generation costs (long-
run marginal costs), including the investment costs of the plant which in the case of 
nuclear are considerably higher than short-run marginal costs.
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and run a nuclear plant for an additional 20 years.3 These investments 
usually also result in improved operating safety, power uprates and/or 
higher output (e.g. new turbines, more effi cient steam generators), all of 
which further improve overall economics.

Another reason for the attractiveness of licence extension is public 
acceptance and greatly reduced licensing procedures compared with new 
build. As regards public acceptance, communities hosting nuclear power 
plants have had a positive decade-long experience living with the technol-
ogy, i.e., a better comprehension of the associated benefi ts exceeding the 
risks.

15.1.4 Regional impacts differ

While capacity stagnation was the characteristic of nuclear power develop-
ment in most world regions, this cannot be said about Asia (see Fig. 15.4). 
The surplus capacity situation did not exist really in the fast-growing 
industrialized countries with limited domestic energy resources (Japan or 
Republic of Korea) or in the even faster-growing populous developing 
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3 Licence renewal for 20 years has been the practice in the USA. In other countries 
renewals are granted for different periods.
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countries of China and India. Here energy security remained a high priority 
policy item and, in the cases of China and India, fuelling their economic 
development aspirations called for the development of all supply options. 
Moreover, electricity market liberalization was less pronounced in these 
countries than in North America or Europe and government involvement 
in energy system investment decisions (and fi nance) continued.

15.2 Economics today and tomorrow

15.2.1 What is new?

By the start of the twenty-fi rst century, the background conditions for 
investing in new generating capacity had changed fundamentally. Fossil fuel 
prices increased dramatically (in large part by the accelerated demand in 
Asia, continued depletion of low-cost oil and gas occurrences and lack of 
investment in upstream operations) and fossil-sourced electricity no longer 
offered lower total generation costs in many markets. This improved 
not only the comparative economics of existing nuclear power plants 
(and spawned licence extensions) but also the prospects for new plant 
investment.

Energy security was back on the policy agenda of most countries, espe-
cially those with high energy import dependence. Nuclear power offers not 
only diversifi cation, a cornerstone of energy security, but also relatively 
stable and predictable generating costs in the long run due to its small share 
of uranium costs in total generating costs. As well, uranium occurrences are 
more widely spread globally than fossil resources,4 nuclear fuel volumes 
are small (and can be stored for several refuelling cycles) and refuelling 
schedules extend for as long as 18 to 24 months.

Next, climate change had become one of the most important energy and 
environmental policy challenges as manifested by the Kyoto Protocol (UN, 
1998), the international environmental agreement under the United Nations 
Framework Convention on Climate Change (UNFCCC) aimed at the sta-
bilization of atmospheric greenhouse gas (GHG) concentration at a level 
that would prevent dangerous anthropogenic interference with the climate 
system (UN, 1992). The Protocol was initially adopted in December 1997 
in Kyoto, Japan, and entered into force in February 2005. On a life-cycle 
basis, nuclear power generates only a few grams of carbon dioxide (CO2) 
per kWh – orders of magnitude lower than fossil fuels (in the absence of 

4 Today’s uranium production is dominated by seven to eight major producers – a 
result of a 15-year trough the global uranium market has faced until recently, a 
period characterized by shake-outs, mergers, consolidation and producers going out 
of business.
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costly carbon dioxide capture and storage) – at least comparable with the 
emissions of the best performing renewable supply options (see Fig. 15.5).

15.2.2 Economic fundamentals

For investors and decision makers, it is the generating costs on a full life-
cycle basis that ultimately matter. However, numerous direct and indirect 
factors determine these costs. Standard direct costs include investments, 
O&M and fuel costs. Indirect costs are overheads shared by several plants 
such as head offi ce costs (billing, customer service, ancillary support ser-
vices) but also external costs, i.e., costs infl icted on society at large that are 
not refl ected in the price of electricity, thus not paid by the electricity gen-
erator. Typical external costs include, but are not limited to, the costs of air, 
water and land pollution from generation as well as fuel extraction and 
transport, accidents lacking suffi cient liability coverage, and exposure to 
physical or economic disruption of supply lines.

The economics of a particular technology such as nuclear power cannot 
be analysed in isolation but only in comparison with its alternatives. For a 
private sector utility operating in a liberalized market the question usually 
is not either to generate or not to generate electricity but how to generate 
it most profi tably. While nuclear energy is often very competitive on 
the basis of its low levelized life-cycle generating cost, its large upfront 
capital cost and long construction schedule make its fi nancing more chal-
lenging compared to fossil fuel investments. Regulated utilities in quasi-
monopolized markets or government-owned generators are bound by 
supply obligations. In both situations the do-nothing option does not exist 
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and rejecting one option, say nuclear power, requires the adoption of a 
non-nuclear alternative. Hence the actual economics of nuclear power can 
reasonably only be determined with regard to its alternatives (using a level 
playing fi eld) under given market and local conditions.

Generic considerations

The generating cost structure of nuclear power is dominated by its capital 
costs which roughly account for 60% to 75% of total generating costs. This 
compares with about 25% to 40% for coal power plants without carbon 
capture and storage (CCS) and 12% to 18% for combine cycle gas technol-
ogy (NEA/IEA, 2010). Figure 15.6 summarizes the relative shares of gen-
erating cost components for different generating options. Nuclear fuel costs 
assume a low share of 10% to less than 20% while the actual uranium share 
accounts for approximately 20% of fuel costs (or between 2% and 4% of 
total nuclear of generating costs). The small share of uranium in the gener-
ating cost structure makes total generating costs very predictable and stable 
in the long run. Even a 10-fold uranium price increase would increase 
nuclear’s total costs by 18% to 32% depending on interest rates and 
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amortization periods. In contrast, for CCGT technology with a fuel cost 
share of about 70%, a mere doubling of natural gas prices translates into 
cost escalation of 73% to 80%. For CCGT, high fuel cost shares mean 
smaller margins over which the plant can make profi ts.

High capital cost is the single most important economic factor affecting 
the prospects for new nuclear build. Inherent uncertainty about electricity 
sales prices and the question whether revenues will be suffi cient to cover 
full costs have become characteristics of liberalized electricity markets. 
Figure 15.7 depicts the revenue–cost positions typically found in competi-
tive markets. Clearly, as long as revenues exceed total generating costs, plant 
operation is profi table. If prices drop below generating costs, high capital 
cost and low fuel cost technologies can still be competitive in the short run 
as long as revenues cover marginal operating costs and still allow for some 
contribution to debt service. But in the long run revenues must cover capital 
costs so that the operator can fully meet debt services and provide share-
holders the expected return on investment. Once fully depreciated, its low 
fuel costs give nuclear a decisive edge over its competition. In contrast to 
nuclear power, CCGT has excellent load-following capability and thus can 
respond by reducing output during periods when the sales prices drop 
below short-run marginal costs. Or in cases where natural gas-fi red CCGT 
is the lowest-cost provider and thus the price setter, utilities can pass higher 
gas fuel costs through to consumers, effectively allowing them to preserve 
their profi t margins.5

The economics of nuclear power are not just an issue of competitive 
generating costs but also a matter of the wider economic and policy frame-
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15.7 Nuclear power plants in a competitive market. Fixed costs include 
undepreciated capital costs.

5 Unless CCGT is no longer the lowest-cost generator.
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work. This is particularly the case when the well-being of the public at large 
is at risk due to inadequate provision by markets – so-called externalities. 
Externalities relate to costs and benefi ts that are traditionally omitted from 
private sector evaluations of the economics of different generating options. 
Including these ‘externalities’ increases the likelihood of developing the 
most economical and sustainable power resource from a societal perspec-
tive (Roth and Ambs, 2004). Typical externalities are health and environ-
mental damages caused by pollution from fossil fuel combustion, and 
energy security of limited liabilities of nuclear operators in case of accidents 
with off-site consequences. The associated damage costs are not borne by 
producers but by the public at large. Most importantly, the full costs of 
producing and using energy are underestimated by the markets and, there-
fore, not refl ected in the market mechanisms determining the price of 
electricity. As a consequence, producers and consumers base their respec-
tive investment and purchase decisions on incorrect price signals (Bohi and 
Toman, 1996).

In the absence of government intervention, in each of the externality 
examples above, liberalized markets would fail to deliver an effi cient or 
optimal resource allocation, resulting in loss of economic and social welfare.

For example, high fossil fuel import dependence, the prospects of price 
volatility, and technical or geopolitically motivated supply disruptions may 
adversely affect a country’s energy security and any such incidence may 
result in a loss of social welfare. The external costs of the US oil import 
dependence have been estimated at $3/gallon (Copulos, 2007). Consumers 
do not pay (or even know about) such costs, which, since they are not 
refl ected in the market price, results in overconsumption. In essence, 
‘markets have no way of incorporating the energy security cost into the 
market transaction’ (Tyner, 2007). Basic economic theory suggests a correc-
tion of such externalities through taxes, subsidies (for alternatives to oil), 
standards or some kind of regulation. Energy security considerations may 
prompt government policy to provide support for diversifi cation of the 
country’s energy mix. This could come in the form of either disincentives 
on the fuel/technology with high externalities, or attractive incentives for 
investment in lower externality options. For example, governments may 
support nuclear power projects (loan guarantees, power purchase agree-
ments, direct involvement in the fi nance of the plant), despite it not being 
the least-cost supply option under standard direct cost accounting. The 
extra costs incurred by the policy can be interpreted as an insurance 
premium against the occurrence of the externality.

Similarly, policies targeted at mitigating climate change improve the eco-
nomics of the low-carbon technology nuclear power. Even small cost adders 
(e.g., taxes or carbon prices under a cap-and-trade scheme) on CO2 emis-
sions can tilt the balance in favour of nuclear power (Rothwell, 2010; 
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KPMG, 2010). In many markets nuclear power could reduce CO2 emissions 
at negative costs6 (IPCC, 2007), especially those with a high dependence on 
imported coal or where nuclear power is excluded for political reasons.

15.2.3 Investment (capital) costs

Varying defi nitions and boundaries

The most important factor infl uencing the lifetime cost of a nuclear reactor 
is capital or construction cost. Investment in electricity generation is a 
multi-year affair and can take a decade or more from an early planning 
stage, conducting environmental impact assessments, obtaining construc-
tion permits, actual construction and plant commissioning before the plant 
produces the fi rst kWh. Necessarily the actual fi nancial outlays are spread 
over this period.

Despite its crucial role in determining the economics of nuclear power, 
investment costs of nuclear power plants remain a mysterious affair. The 
fact that the investment in a nuclear power project encompasses numerous, 
often site- or project-specifi c components ranging from site acquisition and 
preparation to bid evaluation, construction, licensing and grid integration, 
mandates unambiguously defi ned project boundaries, i.e., what is included 
in an investment cost quotation and what is not. It also requires clarity 
about the cost of fi nance during construction, currency exchange rates used, 
infl ation over the construction periods, taxes or subsidies. Otherwise cost 
comparisons are meaningless.

At the most aggregate level, total investment costs equal ‘overnight costs’ 
(OC) plus interest during construction (IDC). The term OC is often used 
to express what the investment of a project would cost if it were built ‘over-
night’, i.e., as if money had no time value.

IDC are the fi nancing costs for plant construction until the plant is con-
nected to the grid and generates revenues. Because it can take as much as 
10 years or more to bring a nuclear power plant from planning to comple-
tion, IDC alone can tilt the balance between an economically viable or 
unviable project. Their long construction periods and high up-front invest-
ment requirements make nuclear power projects very sensitive to IDC, and 
thus to construction delays.

Overnight costs

The principal components of OC are engineering–procurement–
construction (EPC) costs, owner’s costs and contingency costs. EPC repre-
sent the bare costs of plant construction comprising direct (equipment, 

6 The impact of carbon penalties is calculated on a LCOE basis and therefore 
ignores barriers such as access to capital.
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material, labour) and indirect (engineering/construction services) compo-
nents. Under an EPC contract, the contractor – usually the vendor – is 
responsible for the engineering design, including adaptation to match site 
and other location-specifi c conditions, production or procurement of the 
necessary plant components as well as materials, and plant construction. 
Given the complexity of a nuclear power plant and its fi nancial dimensions 
(economic risks), the contractor usually subcontracts parts of the work or 
shares parts with the plant owner or both. In essence, subcontracting and 
owner involvement are a measure of risk management (plant completion 
risk).

Owner’s costs are additional investment expenditures borne by the plant 
owner and usually relate to costs associated with property (land) acquisi-
tion, site selection and preparation, bid evaluation, cooling infrastructure, 
administration and associated buildings, site works, project management, 
permits, legal services, licences, local taxes, staff and operator training, and 
possibly also expenditures for connecting the plant to the grid, i.e., switch-
yards and transmission infrastructure.

Contingencies are provisions for any unforeseen or unplanned expendi-
tures associated with the project. They are generally estimated as a specifi ed 
percentage of EPC but also depend on the type of contract arrangement 
(turnkey contract or several contracts managed by the plant owner or cost-
plus contracts).

The absolute and relative values of these OC components depend on 
location and plant design and therefore can vary considerably even within 
a country and for plants of similar design and size. The major factors in 
variability across countries include domestic labour and material costs, 
site-specifi c conditions and readily available infrastructures, fi nance 
arrangements and interest rates, institutional and regulatory framework, 
standardization and multiple-plant versus single-plant construction (econo-
mies of scale). They are also a function of the localization rate, i.e. the ratio 
between imported and locally manufactured or procured components and 
participation in the civil works. The availability of nuclear-specifi c skilled 
tradespeople and engineering capability is another factor affecting OCs. 
Site- and geography-specifi c conditions may add costs to an otherwise 
standard design, such as additional design and engineering costs for meas-
ures to protect a plant in an earthquake-prone location.

Unit size and plant design are other factors that explain OC cost differ-
ences. Typically, smaller plants have higher specifi c investment costs (i.e. 
dollars per kW(e)) than larger plants, since certain cost components are 
relatively independent of size. For example, Westinghouse’s AP-1000 
design is 80% more powerful than its AP-600 design, but the AP-1000’s 
overnight costs are only 15% to 18% higher than the AP-600’s (RWE 
Nukem, 2002).
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Regulatory intervention can add to overnight costs, especially if it requires 
design modifi cations once the project is well underway. The exact impact of 
regulatory changes on cost is elusive because the regulatory process varies 
across regions. A number of studies have tried to quantify the impact of 
regulation on nuclear power investment costs but have not generated 
broadly applicable quantitative results beyond the straightforward reality 
that construction delays increase investment costs (Mooz, 1979; Paik and 
Schriver, 1979; Komanoff, 1981; Zimmerman, 1982; Cantor and Hewlett, 
1988; McCabe, 1996; Canterbery et al., 1996).

For new designs, or for construction in new environments, OC may 
include fi rst-of-a-kind (FOAK) costs. FOAK costs include a particularly 
high share of contingency costs to cover unforeseen events given the lack 
of experience with the design, the environment or the country. They can 
add as much as 35% to OC (UoC, 2004). Costs are lower for subsequent 
units, but some (decreasing) additional costs will persist until experience 
has been accumulated on several (about fi ve to eight) essentially identical 
designs. For example, Progress Energy recently announced overnight costs 
of $3376/kW(e) for a second AP-1000 at its Levy County site, substantially 
lower than the fi rst unit’s $5144/kW(e). And the Russian Federation’s 
Kaliningrad-2 cost $1667/kW(e), half the cost of Kaliningrad-1. In these 
examples the cost reductions also refl ect the facts that some site preparation 
costs incurred for the fi rst unit are not reincurred for the second unit and 
the vendors’ allocations of costs among the two units are to some extent 
arbitrary.

The specifi c components of FOAK costs are uncertain and prone to 
escalation. For example, the OC cost estimate for Olkiluto-3, a FOAK third-
generation European Pressurized Reactor (EPR), has reportedly risen 
from 13.0 billion to 15.3 billion due to construction delays caused by FOAK-
related quality issues, design revisions and approvals, and logistic challenges 
not experienced for a long time (NW, 2010a; KPMG, 2010).

International comparisons of investment costs are also often obscured by 
the unavailability of information about the exchange rates7 that are used 
and, if escalation costs are included, about the components that are affected 
and the escalation rates assumed. Finally, OC may include the initial core 
load of nuclear fuel.

The percentage of each OC cost component varies according to several 
studies that include both data for plants that have been built and estimates 
for future plants (Kozlov, 2004; UoC, 2004; Scoggs, 2007). For example, EPC 
ranges from 73% to 97%, owner’s cost between 2% and 15% and contin-
gencies between 1% and 13% of total OC. The different percentages refl ect 

7 This matters more when exchange rates are more volatile, as they have been 
recently. For example, in July 2008, 11 = $1.60; in July 2010, 11 = $1.29.
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various cost-shaping factors such as plant design, whether it is built on an 
existing or greenfi eld site, economies of scale (in terms of both unit size and 
the number of units previously built), contractual arrangements and the 
cost of labour. For example, low owner’s costs may indicate a project built 
on an existing site or a local government subsidy for site development and 
preparation. Low contingency costs might indicate a turnkey contract,8 
while high contingency costs might indicate a cost-plus EPC contract.

Interest during construction (IDC)

While OC are important for vendors for preparing their cost calculations 
and bids, it is the sum of OC and IDC that utilities must arrange fi nancing 
for. The investment decision, however, is usually guided by a comparison of 
the total estimated generating costs, i.e. OC plus IDC plus estimated future 
fuel, operating and maintenance costs, of nuclear power to the same sum 
for alternative electricity generating options.

Four factors determine the IDC of a construction project: (a) OC, (b) the 
construction period, (c) the distribution of the OC over the construction 
period, and (d) the return on equity to shareholders and the interest rate, 
or rates, to be paid for loans (different rates may apply to different plant 
components or construction stages). IDC adds an extra layer of uncertainty 
to the fi nal investment costs of a nuclear power plant. While interest rates 
can usually be fi xed before construction begins or, if they are variable, 
hedged through various fi nancial instruments, the largest uncertainty in 
IDC arises from possible construction delays. When cost overruns occur, 
the largest portion is generally due to construction delays. To the extent 
that regulatory intervention during plant construction causes delays, it will 
also increase IDC.

Table 15.1 shows that an increase in the construction period from four 
years to six or 10 years can increase IDC’s share of total investment costs 

8 Turnkey contracting – sometimes also referred to as ‘Lump Sum Turnkey’ or 
‘LSTK’ – allocates all responsibilities to a contractor to design, build and deliver 
the project on time and to a required performance level, in return for payment of 
a fi xed price (lump sum). A key feature of the turnkey approach is the requirement 
for the contractor to prove the reliability and performance of the plant and equip-
ment. A lump sum turnkey price will include contingency allowances to hedge 
against the risk of things costing more or taking longer to deliver (Hosie, 2007). 
Because the plant completion risk rests fully with the contractor, turnkey contracts 
come with a premium and thus are more expensive than if the owner is also the 
architect–engineer and builds the plant on a ‘cost plus’ basis. Turnkey projects are 
popular in project-fi nanced deals, where lenders require greater certainty about a 
project’s fi nal costs than is allowed for under contracts that refl ect the traditional 
allocation of risks (Hosie, 2007).
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Table 15.1 Construction duration and IDC share in total investment 
costs based on OC of $2000 per kW installed and a uniform 
distribution of OC over the construction period

Construction 
period

Interest 
rate (%)

IDC
($)

Total cost
($)

IDC share of 
plant cost (%)

4 years 10 553 2553 28
6 years 10 929 2929 41
10 years 10 1506 3506 75

from 28% to 41% or 75%, assuming OC of $2000/kW(e), a uniform distri-
bution of OC over the construction period and a 10% real interest rate. If 
the interest rate were only 5%, IDC would be 13%, 19% and 32%, respec-
tively, of total investment costs.

15.2.4 Operating and maintenance costs

O&M costs of nuclear power plants are the non-fuel cycle costs for plant 
operation and related services and are generally divided into fi xed (inde-
pendent of electricity generation) and variable cost components. Essential 
O&M cost components are salaries for plant staffi ng and costs for materials, 
liability insurance, decommissioning, security, outsourced support services, 
administration and maintenance.

The O&M costs are further determined by the size and type of plant and 
the mode of operation (load-following or base-load operation). The number 
of similar units at a particular site has a strong infl uence on the O&M cost 
components.

15.2.5 Fuel costs

The term nuclear fuel costs often refers to nuclear fuel cycle costs which in 
many cases includes the costs for the front end and back end of the fuel 
cycle. The front-end or fuel input costs of the nuclear fuel cycle are deter-
mined by the prices of uranium mining and milling, conversion to UF6, 
enrichment, if applicable, fuel assembly fabrication and interest on fuel in 
inventory. Back-end costs include those for reprocessing, if applicable, and 
disposal of high-level radioactive waste or spent fuel and for plant decom-
missioning (after fi nal closure of the plant) and site rehabilitation.

Historically, nuclear fuel costs have varied between 10% and 20% of total 
generating cost (see Fig. 15.8) depending on prevailing uranium resource 
and enrichment costs, interest rates and whether or not back-end costs are 
included in fuel costs or treated as part of the variable O&M costs. Although 
generating costs are location- and design-specifi c, Fig. 15.8 indicates the 
relative shares of the cost components of nuclear electricity generation. 
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Decommissioning

3%

Uranium
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1%

Enrichment

6%

Fuel fabrication

3%

Back-end

activities

5%

O&M

17%

Investment

60%

Source: NEA

15.8 Nuclear power life-cycle generating costs (NEA, 2003). Fuel costs 
for nuclear comprise the costs of the full nuclear fuel cycle including 
spent fuel reprocessing or disposal.

Uranium metal and the price of enrichment services are the cost compo-
nents most susceptible to fl uctuation and supply and demand imbalances.

Uranium market and nuclear fuel cycle considerations

Uranium prices have been volatile over the past 30 years. The end of the 
Cold War curtailed the need for large stockpiles of military fi ssile materials, 
and the bleak prospect for civilian nuclear power during the 1990s enticed 
utilities to reduce their uranium inventories. So-called secondary uranium 
sources (reactor fuel derived from warheads, military and commercial 
inventories, re-enrichment of depleted uranium tails, as well as enriching at 
lower tail assays, reprocessed uranium and mixed oxide fuel) became 
increasingly available, e.g. through the 1993 agreement between the United 
States and the Russian Federation to convert highly enriched uranium 
(HEU) from nuclear warheads into low-enriched uranium for reactor fuel 
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(also known as the Megatonnes to Megawatt programme). Low-cost sec-
ondary sources penetrating the uranium market and a general perception 
during the 1990s that nuclear power is a technology inevitably in decline 
suppressed uranium prices and mine production. Ever since 1990 annual 
fresh uranium production has fallen short of annual reactor requirements. 
Historically, low spot market prices threatened economic survival of many 
mines. Without clear long-term demand signals from the marketplace, the 
uranium industry has been reluctant to invest in new mine capacities or to 
pursue large-scale uranium exploration. Meanwhile, global production had 
progressively declined to less than 60% of reactor requirements. Clearly, 
uranium prices no longer refl ected longer-term production capacities 
(Rogner, 2007).

Shortly after prices hit the historical low, a series of events uncovered the 
long-ignored demand/supply imbalance and caused prices to rise. On the 
demand side, since 1990 rising plant factors of the world’s nuclear fl eet 
added incrementally to annual reactor fuel requirements the equivalent of 
more than 30 GWe. A series of licence renewals for existing reactors that 
began around the turn of the century sent plant operators out to secure fuel 
for another 20 years or so. Another change was the growth of nuclear power 
in the developing economies of China and India, countries that had either 
not participated in the market to a great extent or not participated at all. 
While demand was picking up momentum, supply from mine output con-
tinued to be underprovided. In fact, in the face of rising demand several 
technical mishaps at major production centres reduced global mine output 
and prices began to rise. Moreover, the longer-term availability of second-
ary sources from military arsenals is politically determined and thus uncer-
tain and the bulk of future uranium supply had to be provided by additional 
mine output, i.e., investment in exploration and development of new mines 
and mills. Given lead times of 5–10 years for new mining capacity to come 
on-line, in the short run production cannot increase rapidly despite rising 
demand. Beginning in 2004, the general demand-driven price acceleration 
of fossil fuels, materials and commodities further aggravated uranium prices 
and, by 2007, spot prices had exploded almost 20-fold.

As for almost all commodities, uranium market conditions abruptly 
changed with the onset of the fi nancial and economic crises in 2008. At the 
close of 2009 spot prices were about 35% below their mid-2007 peak of 
$350/kg U. Yet compared with other commodities, the uranium market 
weathered the storm fairly well. Uranium is generally better protected 
against aberrations than other markets. For one, short-run reactor uranium 
requirements are relatively stable as existing nuclear power plants are 
usually the lowest-cost generators on the grid and global annual reactor 
requirements of uranium of approximately 67,000 U remained unchanged. 
For another, most uranium (about 85%) is supplied under long-term con-
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tracts, where the pricing is shielded from sudden market fl uctuations. New 
contracts or contract renewals then tend to also refl ect the current spot 
price situation among other demand and supply factors. Typically, average 
long-term multiannual contract prices have been about half the going spot 
market price.

What brought down spot prices – in addition to the precipitous fall 
of energy, material and commodity prices – were those hedge funds and 
investors who since 2004 have traded in uranium and who, to a certain 
extent, added fuel to the 2004–08 spot price rally and, as a result of the 
fi nancial crisis, were forced to sell their uranium positions due to cash 
requirements.

The longer-run price outlook, however, depends on whether or not 
above-ground investment in exploration and mining capacity will be forth-
coming and mobilize the below-ground uranium resources. While global 
uranium resources are plentiful (NEA, 2010; Rogner, 2010) and the recent 
prices have stimulated both exploration and investment in new mining 
capacity, it remains to be seen if these are suffi cient to meet additional 
demand caused by the expected nuclear renaissance but also to compensate 
for the likely decline in availability of secondary sources. Therefore, consid-
erable uncertainty about future uranium prices remains. In the long run, 
uranium prices will be capped by the possibility of reprocessing of spent 
fuel. Except in Japan, no new commercial reprocessing facilities have been 
built for decades. The existing quasi-commercially operating plants in 
France and the United Kingdom initially served military purposes and were 
adapted or rebuilt for spent fuel reprocessing in the 1960s and 1970s under 
fundamentally different conditions (e.g., exponential growth of nuclear 
power, perceived limited uranium availability, continued demands for mili-
tary purposes) and expectations of future nuclear power development in 
which plutonium-fuelled fast breeder reactors played a central role. This 
future did not materialize, but reprocessing continued, often rationalized as 
an integral part of a nation’s nuclear waste management strategy or as a 
source for mixed oxide fuel (MOX) production and reuse in standard light 
water reactors (LWR). In any case, the expensive construction costs were 
quasi-stranded (sunk costs) and reprocessing services were offered interna-
tionally at attractive terms. In short, the economics of reprocessing in the 
near future hinge upon substantially higher uranium prices (or the equiva-
lent of the revival of fast breeder reactor technology). During the last 
decade several studies attempted to cut through the complexity of reproc-
essing with its capital and operating cost depending on a mix of potential 
credits for recovered fi ssile materials, different waste volumes, interim 
storage requirements, high-level waste treatment and fi nal disposal, and to 
determine break-even points with regard to uranium costs and once-through 
fuel cycles. For example, Bunn et al. (2003) concluded that ‘at a central 
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reprocessing price of $1000/kg of heavy metal (kgHM), and with other 
central estimates for the key fuel cycle parameters, reprocessing and recy-
cling plutonium in existing light-water reactors (LWRs) will be more expen-
sive than direct disposal of spent fuel until the uranium price reaches over 
$360/kg of uranium metal.’ Likewise, the study The Future of Nuclear Power 
(Deutch and Moniz, 2003) concluded similarly, and that conclusion was 
repeated in the authors’ 2009 update (Deutch et al., 2009) which stated that 
‘given the assumptions about uranium resource availability and new plant 
deployment rates, the cost of recycle is unfavorable compared to a once-
through cycle, but the cost differential is small relative to the total cost of 
nuclear power generation’.

The crux of the matter of all things concerning the nuclear fuel cycle is 
contained in the last part of the conclusion: nuclear fuel cycle costs have 
been and will continue to be a small cost component in total nuclear gen-
erating costs. The actual fuel costs per MWh are a function of the front-end 
costs, capacity factor and burn-up (number of MWh per unit of mass gener-
ated from the fuel) and the overall spent fuel management strategy (once-
through or reprocessing and reuse). A very recent study estimated the 
once-through fuel cycle cost for LWRs at $8.67/MWh or some 10% to 14% 
of total generating costs (Rothwell, 2010).

The cost components for spent fuel management, disposal and decom-
missioning are accumulated in escrow funds (or equivalent schemes) as 
the plant operates and account for approximately 10% of total O&M costs 
(or approximately $1/MWh). However, these components can vary widely 
depending on reactor technology, regulatory requirements and the time 
frame over which these must be accumulated.

The lifetime fuel requirements (in terms of volume) of nuclear power 
plants are relatively small (compared with fossil generation) and so are the 
amounts of spent fuel and waste. But spent fuel is radioactive and must be 
kept isolated from the environment. Most countries require spent fuel to 
be stored at the plant site for an interim period until its radioactive inven-
tory is greatly reduced and the fuel can eventually be transferred to a 
permanent repository outside the plant site. If spent fuel is accumulated 
over many years or the entire plant life, suffi cient storage capacity must be 
provided.

Cost escalation

Investment costs for all power plants began to ascend quite steeply around 
2005 and by 2008 had more than doubled for conventional coal technology 
and especially for nuclear power. This sharp increase coincided with the 
rapid increase in world market prices of energy and materials (e.g. cement 
and the full spectrum of metals). While these price hikes have clearly been 
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one element pushing investment costs, they alone do not explain their mag-
nitude. They are rather the result of a combination of several coinciding 
factors such as an above-average demand for generating capacity in Asia, 
an ageing fl eet of power plants in North America and Europe requiring 
replacement or refurbishment for environmental reasons, as well as effi -
ciency improvements due to high fuel prices and a global power equipment 
manufacturing industry characterized by relatively minimal expansion for 
over a decade – hence little spare manufacturing capacity.

Regarding nuclear power, globally only a few manufacturers were capable 
of producing heavy forging equipment such as reactor pressure vessels and 
steam generators. By 2008 lead times of 50 months and more had become 
commonplace. Backlogs started to accumulate with the licence extensions 
for existing reactors which often require replacing steam generators and 
other heavy components. The rising interest in new nuclear build and the 
accompanying pre-orders further added to the backlog. Full order books 
allow manufacturers to command higher margins and thus exert upward 
pressures on prices.

By 2007–08 prices for new nuclear build announced by utilities that are 
expected to deliver the fi rst kWh to the grid sometime during 2017–20 
started to ascend steeply, deviating considerably from the previous $1000 
to $2500 per kW range (NEA and IEA, 2005). For example, in October 
2007 Florida Power & Light released projected investment costs of $12.1 
billion to $17.8 billion for two new Westinghouse AP1000 reactors (1100 MW 
each) or $5500 to $8100 per kWe at its proposed Turkey Point site. In March 
2008 Progress Energy announced that its two new AP1000 units on a green-
fi eld site in Florida would cost it about $14 billion or some $6360 per kW(e). 
In November 2009 Citigroup Investment research put construction costs 
for new nuclear build in the United Kingdom in the range of $3700 to $5200 
per kW(e).

In May 2010, Progress Energy raised the estimated cost of its proposed 
1100 MW reactors at the Levy nuclear power plant in Florida from $17.2 
billion to $22.5 billion and delayed its start-up to 2021 due to a delay in 
licensing the reactors (Reuters, 2010).

In contrast, the US Congressional Budget Offi ce (CBO, 2008) quotes 
$2300 per kW(e) for a generic design in a report published in 2008 which 
is in line with NRG’s August 2007 estimated cost range for two 1350 MW 
advanced boiling water reactors (ABWR) to be built in South Texas of 
$2200 to $2600 per kW(e).

The fi rst two out of a total of six domestically developed 1000 MWe CPR-
1000 pressurized water reactors in China are quoted at a cost of $1850 per 
kW (WNN, 2010). The fi rst unit is scheduled to begin operating in 2015, 
followed by the second unit in 2016. Some 87% of the equipment to be used 
is being provided by Chinese suppliers (WNN, 2010).
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Common to all these cost quotes is that they do not convey what is 
included and what is not. In essence these quotes are not comparable, 
although in the public mind they are all considered real. Clearly, this diver-
gence of investment costs causes confusion and, taken at face value, seri-
ously questions the economics of new nuclear build.

The exclusive focus on nuclear investment costs as a single data point 
ignores the effects of the material price hikes, the manufacturing constraints 
for power equipment and the shortage of skilled labour on all electricity 
generating technologies. Given the favourable material intensity per MWh 
of electricity generated (on a lifetime basis) from nuclear power compared 
with fossil and renewable alternatives, the energy and material price hikes 
have affected NPP costs less than the alternatives. Figure 15.9 compares the 
material-related change in generating costs for new power projects between 
2005 and 2008 just before the onset of the fi nancial crisis (ENEF, 2010). 
While all generating options saw steep increases in material-related costs, 
nuclear power was least affected.

But the capital cost quotations by utilities suggest a different picture, so 
which other factors may explain the recent enormous escalation of nuclear 
investment costs? At least four potential causes have been already identi-
fi ed: (a) varying defi nitions of investment costs, (b) boundaries of the analy-
sis, (c) interest rates and market structures, and (d) price expectations 
(infl ation) for materials, equipment and labour. The next paragraphs attempt 
to put the above divergent cost quotations into perspective with the help 
of a brief numerical example.
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15.9 Material-related price jumps for new power projects (ENEF, 2010).
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The compounding impact of interest and infl ation

Table 15.2 provides cost data on the construction of a hypothetical nuclear 
power plant, and lays out a few commonly used but very different methods 
for quoting these same costs. The example demonstrates a large disparity 
of quotations, even when the underlying plant and cost data are the same.

In the example, construction is planned to occur over a fi ve-year period 
running from 2014 through 2018, so that the plant is ready for grid connec-
tion at the start of 2019. The utility receives an offer from a vendor for the 
construction of the nuclear island and turbine-generator unit under an EPC 
contract. Rows [3] and [4] of Table 15.2 show a typical construction cost 
schedule. The vendor’s total EPC OC quoted in 2010 prices and exchange 
rates is $3500 per kW(e) or $3.5 billion for a 1000 MW NPP.

Lines [5]–[11] show how the cost for the same plant is typically quoted 
by a utility as it seeks approval for the plant (in regulated markets) or 
fi nance and equity partners (in deregulated markets). Line [5] is the ven-
dor’s quoted EPC OC cost, but these fi gures have been adjusted for infl a-
tion (here assumed to be 3% per year) so that each year’s fi gure refl ects 
the expected nominal expenditure in that year. Line [6] shows the owner’s 
costs, i.e., the balance-of-plant, contingency and other costs that the utility 
has to cover out of its own pocket, in addition to the vendor EPC costs. The 
owner’s costs shown in line [6] are taken at 20% of the EPC OC fi gures of 
line [5].

Line [7] shows the cost of transmission system upgrades which are 
assumed to be necessary to deliver electricity to the grid once the hypotheti-
cal plant is completed at the end of 2018. Line [8] is the sum of lines [5], [6] 
and [7]. This total cost, which is exclusive of IDC, amounts to $5520 per 
kW(e) and serves as the basis for the IDC calculations in line [9] assuming 
a weighted average cost of capital (WACC) of 12%.

Line [10] shows the total costs as expended, inclusive of IDC. Line [11] 
accumulates total annual costs. By the end of 2018, when plant construction 
is completed and ready for grid connection, this total cost, inclusive of IDC, 
is $6930 per kW(e).9 This is almost twice the vendor’s EPC OC of $3500 
per kW(e). The difference between the two estimates is merely a question 
of the method of quotation, i.e., of what is in and what is out and how 
the dollar expenditures are denominated, whether in 2010 dollars or in 
nominal dollars (dollars as expended). If expressed in dollars at 2010 prices, 
i.e., what the plant would cost at the planning stage, the nominal total of 
$6930 corresponds to $5752 per kW(e). In contrast, if expressed in 2019 

9 Even slightly higher cost escalation rates feared by many utilities in 2008 in the 
face of skyrocketing material and commodity prices lead to substantially higher 
costs in nominal terms.
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prices, i.e., when the plant starts generating revenue, the cost is $7288 per 
kW(e).

A structured approach as outlined above allows a better comparison of 
cost estimates from different sources. However, it requires additional infor-
mation than is commonly contained in media reports, utility or government 
announcements. Irrespective of the level of information available, it can 
help to identify inconsistencies in the quotations or defi ne the set of common 
cost components upon which consistent comparisons can be made.

An even more transparent approach is the use of harmonized boundaries 
and assumptions. This not only facilitates comparisons of the costs of dif-
ferent nuclear power projects but also compares nuclear power with alter-
natives. The recent OECD report Projected Costs of Generating Electricity 
(NEA and IEA, 2010) followed the harmonized approach. Despite the 
harmonization, the report presents nuclear OC between $1560/kW(e) and 
$5860/kW(e) – a much wider range than fi ve years ago – which shows con-
tinued uncertainty about nuclear power OC. Altogether 14 countries, all of 
which operate nuclear power plants, and two industrial associations con-
tributed data for a total of 20 prospective nuclear projects (see Fig. 15.10). 
At the lower end of the OC estimates are China, Japan, Korea and Russia, 
i.e. countries with ongoing construction experience. At the higher end, OC 
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15.10 Expected overnight cost of nuclear power plants (NEA and IEA, 
2010).
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often refl ect FOAK costs – either truly for the fi rst construction of a design 
never built before (e.g., the EPR at Olkiluoto in Finland),  for construction 
in a region or country without nuclear power (e.g., UAE or Vietnam) or for 
new construction in countries where active nuclear power construction 
stopped decades ago (e.g., USA, Belgium, Switzerland or UK).

15.2.6 Finance10

The basics

Equity and debt are the basic elements of capital fi nance. Equity fi nance 
means taking ownership, i.e., raising capital by selling shares of ownership 
in a venture. Sponsors may buy shares themselves (internal equity) or sell 
shares (external equity). Equity owners are attracted by the potential for 
profi t (from electricity sales) compared to other investment opportunities. 
Equity is completely at risk should the venture fail. Higher risk exposure 
and different income tax implications than loans make equity more expen-
sive than debt to attract. Equity thus raises the WACC and hence the project 
cost, but is needed to establish project credibility, especially if the sponsors 
have poor records at cost control or low credit ratings, or the plant is the 
fi rst of a kind or fi rst in a country. Hence utilities are usually expected to 
channel signifi cant equity into nuclear power plant investments.

Debt is borrowed money. Creditors are attracted by the creditworthiness 
of the project (potential for repayment) and the price (the cost of the loan 
and the risk–return ratio of the interest income offered to the creditor). The 
price or interest rate is commensurate with the perceived risk of the loan 
as well as with the presence of, and potential recourse to, collateral assets 
of the utility. If a creditworthy government or other entity guarantees the 
debt, the risk of non-payment and hence the cost of debt both fall signifi -
cantly. Creditors by law have priority over owners in case of project failure. 
The fact that most loans involve contractually agreed interest rates and 
repayment schedules which are independent of plant performance further 
reduces the risks to lenders (NEA, 2009).

Proper conditions and incentives for attracting these elements would 
include assurances that the project is viable. This means that revenues will 
cover costs (which presumes careful market analysis); that profi table return 
of and on investment is assured (i.e., no cost overruns that reduce returns 
over the life of the project, and a regulatory and fi scal climate that is rea-
sonably stable and not expropriative); that profi ts can be repatriated, if this 
is applicable; that debt repayment is guaranteed; and that risks are properly 
allocated and managed. Any viable fi nancing scheme must include an effi -

10 This section draws heavily on Financing New Nuclear Power Plants (IAEA, 2007).
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cient and proper allocation of costs, risks, rights and responsibilities among 
the responsible parties. A project structure that imposes serious discipline 
in cost and risk management is a sine qua non of successful fi nancing, what-
ever arrangements are made with regard to debt and equity.

For any sizable project, some combination of debt and equity is generally 
required; for multi-billion dollar projects like nuclear power plants, 100% 
equity or internal fi nancing is highly unlikely. Debt will be preferred by 
project sponsors: the fi nancing costs of attracting debt are lower than the 
costs of attracting equity, and debt puts someone else’s money at risk. 
Lenders to the project will prefer a high equity component, to reduce their 
own exposure, and as a measure of credibility and project sponsor confi -
dence or good faith. The split between equity and debt in the structure of 
any fi nancing scheme will depend inter alia on the nature and fi nancial 
position of the project sponsors, on local conditions where the plant is to 
be built, and on the viability, structure and evolution of the electricity sector 
in which the plant will operate. Many fi nancing considerations are the same 
regardless of whether a plant’s sponsors are state-owned companies or 
governments or private sector companies. However, the risks can be quite 
different.

Financing a nuclear power plant requires the commitment of large 
amounts of capital over extended periods of time. Payback periods of 30 
years or more are substantially longer than those of most other generation 
technologies. Expenditures commence up to 10 years and more before the 
fi rst revenue is obtained. Only a few private sector utilities or large institu-
tional investors are willing and able to deal with the inherent uncertainties 
associated with such long payback periods (demand, market structures, 
prices, regulatory changes or policy interventions).

Financing nuclear power in the past

Unsurprisingly, governments have often taken the lead in promoting, devel-
oping and fi nancing nuclear power. Nearly all nuclear power plants operat-
ing today were fi nanced and built in regulated utility markets. In fact, much 
of the fi nancing was provided by governments or with government backing 
or government guarantees of some kind. They have also used regulatory 
power to permit utilities building new plants to partially fi nance construc-
tion through the electricity tariff during the construction period (‘allowance 
for funds used during construction’, AFDC).

There were also cases where private fi nance coexisted with government 
fi nancing. For example, in the USA and Germany, commercial fi nancing has 
been arranged by private sector sponsors. Some plants, for example in 
France and the UK, were built by government-owned national utility com-
panies, some of whose shares are publicly traded. And in some countries, 
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like the Republic of Korea, nuclear plant fi nancing has evolved over time 
from fully government fi nanced to fi nancing that, despite government own-
ership of Korea Hydro and Nuclear Power, is subject to commercial rules 
and conditions so as not to distort an otherwise liberalized market.

For private sector entities engaged in nuclear power plants, government 
involvement and regulated markets guaranteed a fi rm customer base and 
electricity prices suffi ciently high to assure a profi table return. Under these 
conditions, cost overruns and project delays were covered by higher elec-
tricity prices and ultimately paid for by customers or from government 
budgets, thus minimizing the economic risk exposure of investors.

Financing today

In the last three decades both the utility and fi nancial markets have changed 
in important ways. On the utility side, the rules have changed substantially. 
The new conventional wisdom is that progress means deregulating quasi-
monopolistic markets and unbundling transmission, distribution and gen-
eration so that there is full competition among electricity generators and 
full choice for customers. While full deregulation, unbundling and competi-
tion are not yet established in most countries, this model affects fi nancing 
considerations for new power plants. Thus the market risk for utilities has 
changed and will continue to change, even as demand for their product, 
electricity, continues to grow. Moreover, in liberalized energy markets, 
investment has become a private sector affair, again with direct implications 
for fi nance.

On the fi nancial side, international capital markets have become increas-
ingly global and competitive. While the basic types of equity and debt 
fi nance have not changed, a variety of new fi nancial instruments and pack-
aging schemes have evolved to better mitigate risk exposure, assure returns 
on investments and attract investors to specifi c projects. Access to global 
capital markets can be benefi cial for public and private sector utilities alike, 
though it also has its downsides of being subjected to its short-term whims 
and market conditions.

An investment in a nuclear power plant will normally be led by a large 
utility or special-purpose entity. Other utilities, large-scale electricity users, 
vendors or simple investors may join the venture for different motives. 
Other utilities may wish to expand their portfolio by taken ownership and 
selling their share of electricity or gaining experience with nuclear power. 
Large-scale electricity users may wish to secure long-term (and low-carbon) 
supplies at predictable costs. Vendors may participate as part of the sales 
package, thus not only easing fi nance for the utility but also assuming a role 
in risk sharing. Straightforward investors provide fi nance with the objective 
of earning adequate returns.
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Options

There are three basic ways in which a plant construction project can be 
structured, all of which have been used in the power sector: government 
(sovereign), corporate (balance sheet) and limited recourse (including 
project) fi nance (shielding sponsors’ non-project assets from liability for 
project obligations). Government fi nance can come either straight from the 
annual budget, from government-issued securities (e.g., bonds) or from 
funds borrowed by the government in national or international capital 
markets. The terms of any non-budget approach depend on the country’s 
overall credit rating. The government-owned utility will be the owner (and 
likely operator) of the plant. Any future operating profi t will go to the 
government budget. Direct government involvement in a nuclear power 
project, e.g., asset ownership, equity participation, risk sharing and provision 
of various incentives including loan guarantees, imposes a certain degree of 
risk on the public sector itself (and thus society at large). The government 
may also incur indirect or non-fi nance-related risks, such as obligations to 
maintain infrastructures or assume the liability for plant and site decom-
missioning and spent fuel waste management.

Corporate fi nancing means fi nancing the project from the utility’s (and 
partners’) own resources, i.e. accumulated undistributed past profi ts, current 
revenue and from loans taken against existing assets. All participants 
(except lenders) will directly own and share the plant as an asset. The lead 
utility is the likely plant operator but will have to share the net proceeds 
(or whatever the arrangements foresee) with its partners. From the perspec-
tive of lenders, balance sheet fi nance secures their loans against all the 
assets of the utility and partners, not just the investment project. Plant 
owners may be able to exclude a portion of their assets from serving as 
potential collateral by ring-fencing parts of their corporate structures. But 
limiting the collateral increases the lenders’ risks and lenders, in turn, will 
demand higher returns (interest) or decline providing loans at all.

The utility (and co-owners) assume the bulk of the investment risk against 
their asset base. Any problems with the plant such as construction delays, 
plant completion, commissioning or operational availability places these 
assets directly at risk. The fi nancial sector tends to respond to a utility’s 
nuclear investment decision by downgrading its credit rating, increasing its 
cost of borrowing across the board. With a likely (nominal) investment 
outlay of $10 billion to $14 billion for a twin-unit nuclear power station, a 
complete failure would put most utilities at the brink of bankruptcy.

Limited or non-recourse fi nance (also known as project fi nance) involves 
the foundation of a separate corporate entity for the sole purpose of con-
structing a power plant to be either sold after completion or operated for 
future revenue generation. Participation in the project occurs by putting up 
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equity (i.e., buying shares) in the corporation. The corporation may seek 
loans for the plant construction from the fi nancial sector or private inves-
tors but, given that the collateral is limited to the shares in the corporation 
itself (in other words the plant), the prospects for loans are generally slim 
or exquisitely expensive. Shareholders in the corporation, however, only 
risk the equity they put into the project while their other assets are 
protected.

Project sponsors do have some options for generating equity among 
themselves, either as good-faith money or to supplement available invest-
ment. One source of equity could be balance sheet fi nancing. Another pos-
sibility could be to expand the number of equity partners to include partners 
who could provide equity in kind, or for principal customers to become 
major shareholders as a way of assuring security of supply. For Olkiluoto-3 
in Finland, this latter approach made possible a 25% equity share. Another 
mitigating option is for sponsors to recruit local equity fi nancing for local 
content.

The key differences among them are the ownership pattern they estab-
lish, which in turn governs the degree to which they protect the interest of 
investors and creditors, and the ways in which they allocate risk. Theoretically, 
any combination of entities, fi nancing schemes and debt and equity could 
be considered for investment in the electricity industry, or for a nuclear 
power plant. In practice, this has not been the case. Non-recourse or limited-
recourse fi nancing, for example, offers no recourse collateral to lenders 
except the future income and assets of the project itself, and so tends to be 
used for renewable energy or less capital-intensive projects with shorter 
construction times and more fl exible assets (e.g. natural gas turbines), rather 
than for capital-intensive investments like hydro projects and nuclear power 
plants. Schemes like public–private partnerships (PPP), build–operate–
transfer (BOT), build–own–operate (BOO), and their variations, defi ne the 
ultimate ownership of a project but are not really fi nancing schemes (other 
than transferring fi nance obligations from the government-held utility to 
the private sector entity or partner in the investment venture).

Partial government involvement

Governments in developed and developing countries alike have increas-
ingly found available budgets insuffi cient to meet all competing demands, 
and increasingly must turn to capital markets for fi nancing specifi c projects 
or programmes; construction of new nuclear power plants would most likely 
fall into this category.

Even if a government does not build and own a new nuclear power plant, 
it can still take an equity share. If national budget resources are unavailable 
for this purpose, a government can create and dedicate government equity. 
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There are many ways in which a government can create equity. It can, for 
example, pledge receivables from creditable government-owned industries 
(or from industrial customers in the case of a government-owned utility); 
dedicate a portion of a government revenue stream (e.g. from mineral 
exports or taxes); pledge an asset like uranium reserves; barter (e.g. trade 
fi nancing for agricultural exports); or pledge a service (like waste manage-
ment). To the extent that a government uses this equity for, or otherwise 
assists in the fi nancing of, a nuclear power plant, this might be considered 
as a subsidy or an unfair advantage for nuclear power under competition 
or trade rules in some jurisdictions. Other types of incentives or penalties 
to achieve desirable results, for example through contracting, might be 
structured to avoid this complication. However, to the extent that govern-
ment participation involves government procurement, project costs will 
escalate: one World Bank estimate suggests that public procurement can 
add up to 40% to the cost of a project.

Other examples of possible government funding mechanisms include 
earmarked surcharges on all electricity sales, use of the national funds (for 
example, infrastructure funds or postal savings), creation of a government-
run private bank to help fi nance ‘clean energy projects’ (including nuclear), 
banks to fi nance infrastructure, asset pooling (in countries or by utilities 
with other signifi cant power generation assets), and (in developing coun-
tries) use of remittances from expatriates. Regional approaches, involving 
more than one government or utility, may also be used for fi nancing nuclear 
power plants. Clearly, innovation and government fi nancing are not mutu-
ally exclusive, nor are government and commercial fi nancing.

Initial fi nancing arrangements for a new nuclear plant might include 
some government funding for energy assessments and pre-construction 
studies or nuclear regulatory and legal infrastructures as well as research 
and human resource development; and capital market issues of fi nancial 
instruments (securities, stocks, bonds). For plants in developing countries, 
additional resources could include directly allocated development funds 
from international aid organizations and development banks, or other 
government-sponsored aid programmes, Export Credit Agency (ECA) 
insurance schemes or institutions like the Overseas Private Investment 
Corporation (OPIC) and the Multilateral Investment Guarantee Agency 
(MIGA) (although these only ensure that the suppliers of the equipment 
but not the project sponsors get paid in case of delays or default), and equity 
investments and commercial loans. Many within the nuclear community 
assert that multilateral banks should become directly involved in fi nancing 
nuclear plants. However, multilateral banks are required to balance the 
views of their Member States, which have strong and diverse views on 
nuclear power. Moreover, as banks, their investment criteria include dem-
onstrating that a proposed nuclear plant will be the least-cost alternative 
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for electricity generating capacity expansion, and/or cost effi cient for solving 
environmental, security and other social problems, if these are included in 
a government’s project proposal.

Government support for debt has consisted primarily and traditionally 
of providing loan or other types of guarantees to facilitate fi nancing of large 
infrastructure projects. If structured to the benefi t of the government as 
well as the recipient, loan guarantees can be a source of revenue rather than 
a subsidy/cost to the government. Using an insurance scheme or export 
credit approach, governments could, for example, charge interest on the size 
of the loan as the price of the guarantee. Guarantees can also include guar-
anteed power purchases (take-or-pay contracts), or even agreements to 
cover costs of delay arising from government action or inaction. Each of 
these guarantees carries its own risks for the government, which then 
becomes liable for non-performance, perhaps as the result of something 
over which it has no control. Governments in Asia readily entered into 
highly optimistic purchase power agreements to secure project fi nancing 
for needed power plants, only to fi nd that slower economic growth after the 
Asian economic crisis of 1997 made fulfi lment of these obligations impos-
sible. Some Latin American countries in the 1980s secured loans in hard 
currency for projects whose revenues were in local currency, only to have 
exchange rates shift dramatically, forcing default on large loans. Such guar-
antees are not unique to government – they can also be, and variously have 
been, provided by utilities, other large corporations or consortia of compa-
nies. The risks would be the same, but the losses would accrue to private 
investors and not to the government.

15.3 Levelized cost of electricity generation

Numerous studies routinely assess the current and future competitiveness 
of different electricity generating options under different scenario assump-
tions. In a wide range of scenarios, nuclear power is a least-cost option for 
centralized base-load electricity generation (ENEF, 2010; NEA and IEA, 
2010). The economic performance of nuclear power versus its alternatives 
is highly dependent on numerous factors such as the costs and availability 
of natural gas and coal, hydro power resources or wind availability, which 
allow direct comparisons only on a clearly defi ned case-by-case basis. Some 
studies question the economic competitiveness of nuclear energy usually 
by generalizing worst practices and denying future learning to nuclear 
power while assuming best practices and rapid future learning to non-
nuclear alternatives, especially renewables (EREC and Greenpeace, 2010; 
WISE, 2009a, 2009b; Schneider et al., 2009).

In essence, because of the sometimes drastically divergent assumptions 
about the future driving forces of electricity demand and supply, technology 
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and policy, the generating costs reported by these studies are unsuitable 
for comparisons. One exception is the already mentioned OECD report 
Projected Costs of Generating Electricity (NEA and IEA, 2010).

The OECD study calculates ‘levelized cost of electricity’ (LCOE) using 
two real discount interest rates, 5% and 10%,11 applied to all technologies, 
harmonized generic technology performance assumptions and boundaries, 
and clearly specifi ed fuel prices. For the fi rst time, the study assessed the 
impact of a carbon price of $30 per tonne of carbon dioxide. The generating 
cost calculations, based on the simple levelized average (unit) lifetime cost 
approach based on the discounted cash fl ow (DCF) method, are summa-
rized in Fig. 15.11.

The study reached two important conclusions. First, at low discount rates, 
capital-intensive generating technologies such as nuclear energy are among 
the least-cost baseload generating options. The actual merit order is location 
dependent and cannot be generalized.

An exception is provided by locations with lowest-cost coal availability, 
e.g. Australia or certain parts of the USA or (although not part of the 
OECD study by analogy) parts of China, India and other coal-rich develop-
ing countries. Here coal, even when equipped with carbon capture, outper-
forms nuclear power. A similar observation is valid for hydro power.

Second, at 10% discount rates, the competitiveness of nuclear power slips 
and fossil generation gains on nuclear power. In some locations, coal with 
and without carbon abatement as well as CCGT are least-cost generators. 
In others nuclear maintains its overall cost-competiveness.

The calculations highlight the paramount importance of discount rates, 
and to a lesser extent carbon and fuel prices when comparing different 
technologies (NEA and IEA, 2010).12

11 A key limitation of the LCOE is that it does not take into account the different 
levels of risks among investment alternatives (NEA and IEA, 2010). Interest rates 
demanded by investors and lenders refl ect the opportunity costs of money as well 
as the perceived risk of an investment. Put differently, private sector capital gravi-
tates to projects that offer highest returns commensurate with associated risks. And 
investment in electricity generation competes with (non-electric) alternatives in the 
global capital market. The commensurate risks of a particular investment are better 
captured by applying WACC – which accounts for the split between equity and debt 
fi nancing and associated costs. To some degree, technology-specifi c risks are cap-
tured by the split with higher risk projects demanding higher equity shares and thus 
higher cost fi nancing. It has been argued that the high capital risks associated with 
new nuclear construction may lead to higher cost of debt than other conventional 
power plant projects (KPMG, 2010).
12 The generating cost range of Fig. 15.6 excludes any costs or taxes on carbon 
emissions.
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15.11 Expected generating cost of different generating options (without 
carbon dioxide taxes): CSP = concentrating solar power, PV = photovoltaic, 
CCS = carbon capture and storage, IGCC = integrated gasifi cation 
combined cycle. Adapted from NEA and IEA (2010).

15.3.1 Externalities

While currently not included in standard electricity cost accounting schemes, 
decision makers should be aware of cost factors imposed on the public by 
the production and use of electricity. These costs are real and a fair share 
have directly and indirectly been compensated by the public purse (or 
resulted in reduced government revenue). Since investors normally do 
not consider externalities in investment decision making, it falls upon gov-
ernment policy to ‘internalize the external costs’ of the health and environ-
mental damages resulting from power generation. In fact, in the past, 
internalization has been imposed on electricity generation13 but insuffi -

13 Examples include the regulation of emissions of some pollutants from fossil fuel 
combustion (EU Directive 2001/80/EC), the Clean Air Act and its various amend-
ments in the US, the sulphur emission limitations ruled by the State Environmental 
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ciently by far for a full internalization.14 The most recent studies addressing 
life-cycle externalities from electricity generation show nuclear power as 
one of the technologies with the lowest externalities (Preiss and Friedrich, 
2009; NRC, 2009). One of the externalities of nuclear power is the cost of 
a severe nuclear accident (e.g., Chernobyl or Fukushima). These are calcu-
lated on a probabilistic basis (low probability – high consequence) and 
given the large amount of kWhs produced by nuclear power plants are still 
small despite the enormous damage costs of an accident. Figure 15.12 sum-
marizes the fi ndings of the NEEDS study (Preiss and Friedrich, 2009). 
Clearly, factoring these externalities into the price of electricity would fun-
damentally change the merit order of generating options in favour of 
nuclear power and renewables.

Protection Administration (SEPA) in China, Directive 2001/77/EC of the European 
Parliament and of the Council of 27 September 2001 on the Promotion of Electricity 
Produced from Renewable Energy Sources that mandates the integration of more 
expensive, non-dispatchable electricity from renewables, the European Emissions 
Trading Directive (2003/87/EC), the Price-Anderson Indemnity Act which governs 
liability-related issues for all non-military nuclear facilities in the United States, the 
EU Directive on Nuclear Safety (2009/71/EURATOM) and the Kyoto Protocol 
limiting greenhouse gas emissions in industrialized countries.
14 There is a host of issues yet to be resolved ranging from attribution of damages 
to their monetary valuation.
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15.12 External costs of different generating options. Adapted from 
Preiss and Friedrich (2009).
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15.4 Risks and uncertainties

From the foregoing, one can derive fi ve principal risk areas for utilities and 
sponsors of nuclear power projects, i.e., planning, construction, electricity 
market rates, operational, and waste management/decommissioning (CITI, 
2009).

15.4.1 Planning

The lead times from the decision to build a new nuclear power plant until 
breaking ground are usually measured in multiple years up to a decade. Site 
selection, acquisition and regulatory site approval, obtaining bids from 
vendors and bid evaluation, stakeholder involvement and fi nance arrange-
ments are time-consuming steps and often have to be carried out sequen-
tially rather than in parallel. Recent early site permits in the US took three 
to four years from application until the permit was granted. Moreover, 
nuclear power remains controversial in many jurisdictions and opposition 
to new developments often results in lengthy hearings and court involve-
ments and thus extended planning timelines. Many governments have rec-
ognized the added uncertainties in lengthy planning processes and have 
begun to revise and streamline procedures so as to expedite lead times and 
reduce uncertainties for nuclear power project sponsors. From a fi nancial 
perspective, the planning uncertainty faced by developers is the least risky 
element and no real threat to the fi nancial integrity (CITI, 2009). Still, a 
utility might have spent several tens of millions on site acquisition, design 
certifi cation and legal procedures. In addition, a denied site or construction 
certifi cation after several years may put the utility in a position short of 
generating capacity with the need to resort to costly alternative suppliers.

15.4.2 Construction

Plant construction completion on time and on budget is by far the largest 
fi nancial risk faced by investors in nuclear power. With a fi nancial exposure 
of several billion dollars per plant, even small cost overruns or slippages in 
completion can adversely affect a utility’s equity value. The negative exam-
ples of the cost overruns of an estimated 75% and completion delay of three 
to four years as experienced by the Olkiluoto project in Finland (NW, 2010a; 
KPMG, 2010) and the 50% over budget and two years behind schedule of 
the Flamanville-3 plant in France (NW, 2010b) led many fi nancial analysts 
to conclude that the ‘economics of nuclear say no’ to new nuclear build 
(CITI, 2009; Moody’s, 2009). Clearly, such cost overruns can only be shoul-
dered by the largest utilities such as TVO or EDF. Both entities are special 
in their ownership structures, which differ greatly from other utilities around 
the world and have helped avoid otherwise likely economic and fi nancial 
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troubles. TVO, though a privately held company, sells its electricity exclu-
sively to the owners at cost, which eliminates some uncertainties such as 
demand and market risks and also allows passing through unexpected 
higher generating costs. EDF is largely government owned (84.5%) and 
thus better bolstered for events like Flamanville than privately held utilities 
operating in competitive markets.

The track records of Olkiluoto and Flamanville are worrisome indeed, 
but one has to put them into the perspective of a FOAK situation and the 
lessons learned for future projects. Many potential nuclear power undertak-
ings in Europe and North America are likely to encounter some kind of 
FOAK fl avour simply because of lack of recent construction experience. 
This and the fact that, historically, many nuclear-building utilities suffered 
downgrades in their credit ratings during the construction phase (Moody’s, 
2009), refl ecting the risk profi le of nuclear power investments, are argu-
ments used by fi nance institutions in their pessimistic outlook on new 
nuclear build.

One suggested hedge for containing construction cost overruns is phased 
fi nancing. This approach, already implemented in China and proposed for 
new plants in the US, involves fi nancing a project in tranches, starting with 
construction. The cost of capital for each phase will refl ect the risks only of 
that phase, so that the high costs of construction risks are not carried over 
throughout the project. During construction, the main risk is completion on 
time and within budget. As construction proceeds and completion risks 
diminish, the cost of capital can also fall. Once completed, investor risks are 
essentially reduced to operational and market risks (revenue stream). 
Different fi nancing phases may also have different capital structures: for 
example, shareholders would generally be at risk for the construction phase, 
but non-recourse fi nancing might be introduced with the onset of commer-
cial operations. Phased fi nancing is deemed to be especially effective with 
a phased asset transfer and, where applicable, a phased sell-out of govern-
ment interests. Phased fi nancing may thus facilitate government participa-
tion in a private sector project, since a government could choose to fi nance 
or guarantee only a part of the project and then privatize its share of the 
plant. The concept of phasing may also help to manage supply bottlenecks 
and the need for trained personnel, regulators and other project inputs.

The same concept of phasing applies on a broader scale to the start of a 
nuclear programme. The fi rst unit will carry a higher risk of successful com-
pletion – and higher costs – than subsequent units. However, once a few 
units are built and operating successfully, the fi nancing model can change, 
with revenue from operating units being used to fi nance new build.

But it can confi dently be expected that, with regained knowledge and 
build experience, construction schedules will be met and cost overruns 
minimized as demonstrated elsewhere: neither the limited European 
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construction experience nor the nuclear power history of North America is 
representative globally. There are numerous nuclear power plants in Asia 
that have been completed on time and on budget. One can only move down 
the learning curve with repeated plant construction over short time inter-
vals. Construction times of just 48 months or four years have been demon-
strated in the Republic of Korea, Japan and China – these three countries 
alone account for more than 70% of all nuclear power construction activity 
since 1990.

However, in most industrialized countries new construction of power-
generating plants has generally been limited and has lacked technological 
diversity. In the last decade, the majority of new generating plant con-
structed in non-Asian OECD countries has been either gas (especially 
combined cycle gas turbines) or new renewables, especially onshore wind 
(NEA and IEA, 2010). So new coal power plants, especially if equipped with 
CCS, share the issue of construction cost uncertainty with nuclear power.

15.4.3 Market rates

Irrespective of the actual market structure – liberalized or regulated – the 
cash fl ow and profi tability of a utility depend on its operating effi ciency and 
the price at which it can sell its electricity in the marketplace. The high fi xed 
costs and low operating costs of new nuclear power plants require higher 
revenue per kWh to break even than most competing alternatives. It is 
questionable if private sector entities involved in nuclear power projects 
are willing to take on the price risk. In regulated markets of developing 
countries, social considerations of delivering affordable electricity to the 
poor are often enforced upon utilities to sell electricity below costs. Their 
economic survival then hinges upon government subsidies. In either situa-
tion, the price risk serves as a barrier for private sector fi nance of new 
nuclear build.

Market risks can be mitigated with long-term power purchase agree-
ments with large-scale electricity customers such as electricity-intensive 
industries and larger communities. It has been argued that with long-term 
power purchase agreements in place, lending institutions would be satisfi ed 
with an expected rate of return of 5% to 10%. The same plant operating in 
a merchant market with no underpinning contracts would be confronted 
with rates of 10–12% (Bulleid, 2005) with direct implications for WACC 
and IDC.

Generally, once operating and with plant completion risks eliminated, the 
economics of nuclear power plants are viewed favourably by ratings agen-
cies and investors alike. The longer-term outlook is even better, when plants 
are more and more amortized and the capital portion of operating costs 
approaches zero.
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Environmental policy is another uncertain element infl uencing the 
market price of electricity. Nuclear power has a small greenhouse gas 
(GHG) footprint per kWh, thus its competitiveness (along with other low 
GHG-emitting technologies) would benefi t from policies targeted at miti-
gating climate change. Electricity demand prospects themselves are a source 
of uncertainty. The emergence and market penetration of smart grids, 
including real-time pricing, may fl atten the load profi le – a positive aspect 
for the baseload technology nuclear power – but also better integrate inter-
mittently available renewables, thus improving their competitiveness against 
nuclear power. Effi ciency improvements at the level of electricity use 
spurred by government policy could substantially dampen future demand 
growth while a large-scale advent of electric vehicles might even result in 
accelerated growth.

15.4.4 Operational

Operational risks relate primarily to operational unreliability due to 
unplanned outage. High fi xed costs combined with unit sizes often counted 
in multiples of fossil and renewable plant capacities make the unavailability 
of a nuclear generating station a costly affair. In addition to lost revenues, 
utilities that sold their electricity under long-term power purchase agree-
ments may be forced to provide high-cost replacement power from other 
generators. Operational risks are generally less an issue for utilities with a 
suffi ciently large portfolio of generating capacities.

Plant operating safety is a non-negotiable prerequisite for a profi table 
nuclear power plant. A plant that is found to be not in compliance with 
operating safety regulations will be shutdown by the national regulatory 
authority and a shutdown plant does not earn revenues. Moreover, regula-
tory oversight and, if necessary, intervention also protects the utility’s 
revenue generating asset from potential serious damage and long-term 
unavailability. An operational risk exists, however, if regulatory interven-
tion is politically motivated and not exclusively safety related.

15.4.5 Waste and decommissioning

Private sector investors shy away from unknown or unknowable liabilities. 
Spent fuel and nuclear waste management, as well as plant decommission-
ing at the end of a service life of 60 or more years, are factors with no practi-
cal or commercial evidence (except for decommissioning) regarding their 
eventual costs. It is also unknown under what kind of regulatory environ-
ment waste management and decommissioning will take place, e.g., to what 
level will plant sites have to be decommissioned beyond plant demolition, 
decontamination and debris removal. In order to cope with long-term 
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liabilities, most jurisdictions assess a levy on nuclear power plant operators 
for every kWh produced to be paid into an escrow fund (or equivalent) to 
be used for waste management and decommissioning. Whether or not the 
escrow funds accumulate funds suffi ciently large to cover all post-closure 
cost remains to be seen but their existence limits the risk exposure of 
investors.

15.5 Conclusions

Generally, the economic prospects of nuclear power look promising, and 
generating costs on a life-cycle basis are competitive against alternatives in 
many markets. But nuclear power is capital intensive with long amortization 
periods and capital requirements that amount to several billion dollars per 
unit – overstretching the comfort levels of many investors. Finance, there-
fore, is one of the major barriers for nuclear power. In liberalized markets 
only very large utilities can fi nance a nuclear power project.

The economics of nuclear power embrace more than the life-cycle gen-
erating costs and include energy supply security, reliability and price stabil-
ity considerations as well as environmental policy objectives. Nuclear power 
is a technology with the lowest externalities – as most externalities have 
already been internalized. Nuclear power is an effective and effi cient GHG 
mitigation technology. Where energy security and protection of the environ-
ment are national policy objectives, a quasi-internalization of externalities 
may warrant some form of fi nancial support or guarantee for private sector 
investment in new nuclear plants. A level playing fi eld with clear and 
uniform performance criteria for all generating options reduces overall 
uncertainty and raises the probability that electricity market prices over the 
plant’s lifetime will provide an adequate return on investment.

At the minimum, unambiguous and sustained government policy support 
is required for nuclear power to unfold its economic potential. Such a policy 
in support of national nuclear power programmes as an integral part of a 
national energy strategy is paramount for investor and lender confi dence 
and public acceptance of the technology.

Future international GHG reduction schemes may also recognize the 
mitigation potential of nuclear power and thus increase its attractiveness 
to investors and lenders, particularly schemes that award emission credits 
for environmentally benign investments abroad.15 But even here, economic 

15 Finance of nuclear power plant under the fl exible mechanism under the Kyoto 
Protocol, the Clean Development Mechanism (CDM) and Joint implementation 
(JI) for the purpose of acquiring GHG emission credits is presently disallowed. If 
governments wish to utilize such fi nance mechanisms, this needs to be refl ected in 
the post-2012 international environmental agreement currently being negotiated 
under the aegis of the United Nations Framework Convention on Climate Change 
(UNFCCC).
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viability is inescapable; no-one is likely to invest in a fi nancial black hole, 
nor to build nuclear power plants for environmental reasons, unless they 
are demonstrably profi table and among the most cost-effi cient solutions.

The global fi nancial community is still attributing a deterring risk/reward 
ratio to nuclear power. International organizations and governments alike 
need to join hands in enhancing the community’s ability to assess the invest-
ment risks involved in nuclear power projects so that it can provide suitable 
fi nance packages for such investments, especially for countries currently 
without active nuclear power programmes. Newcomer countries will depend 
on the assistance of technology holders in launching their national nuclear 
programmes. Nuclear infrastructure and human resource development fol-
lowed by fi nancing are key in this regard.

The capital costs of nuclear power are expected to further improve as the 
number of plant orders increase and FOAK conditions decrease. The cost 
reduction potential for technology learning but also for design standardiza-
tion is substantial.

Planning and construction times of nuclear power plants are longer than 
for most alternatives, excluding nuclear power from quick-fi x solutions. 
Nuclear power is not a quick-fi x solution to a country’s energy problems. 
But as an integral part of a long-term energy strategy, nuclear energy can 
contribute to a country’s sustainable energy development objectives.
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16
Social impacts and public perception of 

nuclear power

F. BAZILE, CEA, France

Abstract: Social impacts of nuclear power are signifi cant but diffi cult to 
quantify, as there is no consensus on a method. The fi rst part of this 
chapter presents a review of the advantages and drawbacks of nuclear 
power compared to other power generation sources, as they have been 
assessed in recent publications. The second part presents public 
perceptions of nuclear power and tries to identify levers for a better 
acceptance. Beyond specifi c national issues, two main points can be 
identifi ed. First, there is a link between education level, knowledge of 
energy matters and acceptance of nuclear power; in particular, 
knowledge of its potential contribution to a low-carbon energy mix, and 
an awareness of the physical limits of renewable energies (such as solar 
and wind) contribute to an acceptance of nuclear power. Second, the 
more concrete a knowledge of nuclear power people have, for example 
by living in the vicinity of a nuclear plant, the more they accept it, as its 
economic benefi ts and safe operation are better understood.

Key words: energy policy, economics, public perception of risk, safety, 
externalities, low-carbon energy mix, Chernobyl, radioactive waste 
management, opinion surveys, stakeholder involvement, public debate, 
political decision.

16.1 Introduction

The social impacts of choosing nuclear power have to be assessed from a 
long-term perspective, i.e. by a minimum of a century, or much more if one 
takes into account waste management. Fifteen years are needed between 
the decision to launch a nuclear build and the beginning of operation, with 
those 15 years including time to undertake all the political work to establish 
the infrastructure (such as the creation of a regulatory authority and the 
promulgation of an institutional and legal framework). The lifespan of 
operation can be about 50–60 years, perhaps even more with future designs, 
depending on the safety rules acknowledged in each country. Dismantling 
and decommissioning require several decades, depending on technologies 
and on the availability of waste management facilities. Whatever the length 
of time involved, choosing to include nuclear power in a country’s energy 
mix is a political commitment and not just a technical decision.
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Sustainable development is widely recognized, at an international level, 
as a relevant objective of energy policies. And it is agreed that three inter-
related dimensions – economy, environment and social – need to be taken 
into account, and that there needs to be an equilibrium between present 
and future generations. Nuclear choice should be assessed from this per-
spective, since it has signifi cant impacts on all these dimensions.

But the benefi ts resulting from choosing nuclear power are not always, 
or spontaneously, evident to the public at large. Indeed, nuclear energy 
often has a negative visibility, since many people perceive and overestimate 
the risk of major accidents (referring to Chernobyl or to Fukushima), the 
terrorist risk and uncertainties about waste management, and, moreover, 
because of the ‘original sin’ of nuclear technology – the nuclear bomb – and 
the risk of proliferation.

The fi rst part of this chapter exposes some of the main issues regarding 
the social impacts of nuclear power, even if they are diffi cult to quantify 
and therefore possibly controversial. The second part focuses on public 
perception of nuclear power, including risk perception, as shown by opinion 
polls and qualitative surveys.

16.2 Social impacts at both national and local levels

Launching a nuclear programme has social impacts at different levels: at a 
national level it can mean a political choice regarding the energy mix and 
a carbon-free energy policy; at a local level, it can mean local development 
and employment on one hand, and environmental impacts on human health 
and nature on the other. Both these two levels need to be addressed. In a 
newcomer country, national public opinion needs to be prepared, which 
means providing educational information about the energy mix, and on the 
advantages and drawbacks of each energy source, and analysing nuclear 
power’s risks and benefi ts from the perspective of a comparison with other 
sources of electricity generation, notably by distinguishing carbon-free 
sources (nuclear power, hydraulics and new renewable energies) and fossil 
sources. Such programmes need to give people objective information about 
all energy sources and not just about nuclear power. If nuclear power is 
considered without comparison to other sources, a large part of the public 
will probably focus on accident risks, on radioactivity’s potential risk to 
human health, and on long-term radioactive waste – the main arguments 
developed by nuclear opponents everywhere in the world. All dimensions 
of energy policy need to be taken into account, including security of supply 
and the prevention of global climate change, and not just assessed over the 
short term.

Many studies have been implemented in order to help decision-makers 
plan an energy policy and to defi ne the respective shares of different energy 
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sources, particularly electricity generation sources. No approach benefi ts 
from a total consensus, and social impacts of the choice of energy source 
are the more controversial, since they are the most diffi cult to quantify. The 
tools proposed therefore have to be considered as an heuristic framework 
to discuss the different energy options, and to make the choices more trans-
parent and open to debate. A comprehensive set of indicators to compare 
technologies is given by Hirschberg et al. (2004).

Table 16.1 provides a framework of indicators covering the main aspects 
of nuclear choice. The respective weight of each dimension is an important 
part of the political choice. They depend, of course, on the national context, 

Table 16.1 Illustrative set of technology-specifi c indicators

Dimension Impact area Indicator Unit

Economy Financial 
requirements

Production cost c/kWh

Fuel price increase sensitivity

Resources Availability (load factor) % 

Geo-political factors relative scale

Long-term sustainability: Energetic 
resource lifetime 

years

Long-term sustainability: Non-
energetic resource consumption 

kg/GWh

Peak load response relative scale

Environment Global warming CO2-equivalents tons/GWh

Regional environmental 
impact

Change in unprotected 
ecosystem area

km2/GWh

Non-pollutant effects Land use m2/GWh

Severe accidents Fatalities fatalities/GWh

Total waste Weight tonnes/GWh

Social Employment Technology-specifi c 
job opportunities

person-years/GWh

Proliferation Potential relative scale

Human health impacts 
(normal operation)

Mortality (reduced 
life-expectancy)

years of life lost/GWh

Local disturbance Noise, visual amenity relative scale

Critical waste 
confi nement

‘Necessary’ 
confi nement time 

thousands of years

Risk aversion Maximum credible 
number of fatalities per 
accident 

max fatalities/accident

Source: Hirschberg et al. (2004).
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political stability, economic data, fi nancing capacities, geographical con-
straints (primary resources, geopolitics, etc.), the country’s development 
and growth, and so on. Countries like Japan or France, which have few or 
no fossil fuel resources, have a more evident need for nuclear power, for 
security of supply and to reduce costly imports of fossil fuels. However, the 
total costs of a nuclear programme must include what might be called 
‘infrastructure costs’: human resources, a legal framework, a safety author-
ity, perhaps an industrial supply chain, etc. In a non-nuclear country envi-
sioning the launch of a nuclear programme, it is necessary to undertake an 
opportunity study, to assess energy and electricity needs and to compare 
the merits of each energy source. In 2007, IAEA published a guide for 
newcomers, known as Milestones in the Development of a National 
Infrastructure for Nuclear Power, which precisely exposes the infrastructure 
requirements needed, and indicates the steps needed to assess their readi-
ness (IAEA, 2007).

16.2.1 Social impacts at a national level

At a national level, the main benefi ts of nuclear power are security of 
supply, steady costs of base-load electricity and a contribution to a low-
carbon electric mix. It is diffi cult (and slightly artifi cial) to distinguish the 
social and economic impacts of nuclear power for a country. Access to 
electricity at a steady and low cost is an economic benefi t, which results 
from the production costs of nuclear electricity, but there is also a social 
impact in access to electricity, particularly in developing countries, as it 
conditions development, health, access to knowledge, and so on. Building 
a nuclear plant is cost intensive but, in operation, the fuel cost represents 
less than 10% of production costs so that, even if the price of uranium 
increases, it will not have signifi cant impact on the kWh production cost. 
According to a 2000 study in Finland, cited in WNA’s The Economics of 
Nuclear Power (WNA, 2010), a doubling of fuel prices would result in the 
electricity costs from nuclear energy rising by about 9%, for coal by 31% 
and for gas by 66% (see also Chapter 15 on economics). For a newcomer 
country, in an opportunity study, it will be necessary to draw up forecasts 
of the country’s energy demand (for instance, with high and low scenarios, 
taking into account growth of GDP), and to compare the competitiveness 
of the different electricity production options – whether coal, Combined 
Cycle Gas Turbine, or (possibly in oil countries) an oil-fi red plant. In coun-
tries which produce high-value fossil sources (oil or gas), the revenues 
‘saved’ by nuclear production and generated by exporting oil or gas also 
have to be taken into account. However, in the case of nuclear kWh produc-
tion, all life-cycle environmental costs need to be internalized, notably 
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including those associated with waste management and decommissioning 
(though if CO2 emissions were priced, it would increase nuclear competi-
tiveness against fossil fuel sources).

Several international studies have been undertaken to quantify the exter-
nal costs of nuclear power, i.e. to look at ‘externalities’, or those effects that 
are not included in the economic production costs of nuclear power. These 
externalities may be negative or positive. At a national level, nuclear elec-
tricity (like other new renewable sources in national policies against climate 
change) should be recognized as a low-carbon option, and the tons of CO2 
saved should be considered as positive externalities and evaluated for that. 
In its study Nuclear Energy and Addressing Climate Change (NEA, 2009), 
the NEA suggests that, in terms of CO2 emissions/kWh produced in the 
most modern plants, among the different sources of electricity production, 
nuclear power emits about 8 g CO2/kWh, as opposed to 400 g.eq.CO2/kWh 
for Combined Cycle Gas Turbine (CCGT) and 1000 g.eq.CO2/kWh for coal. 
In this respect, nuclear power, with hydraulics, is an essential tool to reduce 
base-load electricity CO2 emissions. The new renewable energies have 
the same low-carbon characteristics but they cannot be used in base-load 
production.

Another social or political impact on a national scale which should be 
considered is the risk of proliferation, even if this is less a risk for a country 
itself than it is for all other countries (see Chapter 13).

16.2.2 Balancing economic benefi ts and environmental 
impacts at a local level

At a local level, the social impacts of the nuclear industry result, on one 
hand, from the signifi cant economic benefi ts the industry brings (such as 
direct and indirect employment, and the building of high value skills) and, 
on the other hand, from environmental consequences, which are diffi cult to 
weigh (such as effects on human health, time required to confi ne radioac-
tive waste, accident risks, etc.). All these elements are addressed in a very 
detailed way in the NEA report Risks and Benefi ts of Nuclear Energy 
(NEA, 2007, pp. 56–73). As the report stresses, there is no consensus on the 
social impacts of nuclear power, and any indicators considered are partly 
intuitive and partly resulting from discussion between stakeholders.

In terms of local employment, both direct and indirect employment need 
to be considered: direct employment during construction (5–10 years), 
operation (about 60 years) and dismantling (several decades), and indirect 
employment resulting from local development, notably commercial and 
education infrastructures, and from the supply chain if it is localized in the 
country. There are no global statistics regarding local employment resulting 
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from the nuclear industry, and fi gures can vary greatly from one country to 
another depending on existing national and local skills, and on the govern-
ment’s and the operator’s human resources policy.

To consider the French case, the civil nuclear sector employs about 
150,000 people, including about 26,000 EDF (Electricité de France) employ-
ees, about 20,000 employees from other companies who work on the main-
tenance of the 58 plants, and about 55,000 employees of other big companies 
(Areva, CEA, Andra). To these can be added about 50,000 employees of 
subcontractors, including those involved in construction, dismantling or 
maintenance of the plants, and more generally those working for service 
providers. All branches of engineering are involved, at different levels, 
including technicians, engineers, researchers, etc. To take the example of 
EDF’s Flamanville site (with two PWR plants in operation – Flamanville 1 
and 2 – and one 1600 MWe EPR under construction – Flamanville 3), in 
2009, there were 850 permanent jobs (650 EDF, 200 subcontractors), 1800 
people working during the plant outages for scheduled maintenance and 
refuelling, about 40 trainees, and about 100 indirect jobs (trade, catering, 
security etc.). Construction of Flamanville 3 is scheduled to take place 
between 2007 and 2014, with 3300 employees on site (40% of whom are 
local staff, while 60% have been moved in). After 2014, there will be 300 
EDF employees on site, 150 subcontractors, and about 900 people for main-
tenance work during scheduled outages.

The operator has concluded agreements with local communities and local 
employment organizations, in order to facilitate the gathering of informa-
tion on local companies, inform employment players of job offers and bids, 
orientate international and national companies to local employment, and 
increase local employees’ training. There is also a plan to help with retrain-
ing after the building process is completed. Indeed, the operators’ strong 
involvement in local development, especially in employment, is the main 
lever of their public acceptance. This is one of the reasons why it is easier 
to rebuild a new nuclear plant on an existing nuclear site than it is to fi nd 
a new site: the nuclear industry is viewed by neighbouring populations as 
a real asset for local development.

With regard to environmental impacts at the local level, impacts on 
human health during normal operation of a plant have to be considered, 
together with the potential effects of major accidents and the time required 
for radioactive waste confi nement.

Several studies have made a comparison between different energy sources 
regarding the health impacts of normal operation and have shown that 
nuclear power, along with renewable energies, has the lowest health impact. 
See, for example, the mortality associated with normal operation of German 
energy chains in 2000 (Hirschberg et al., 2004). It appears to be clear that 
nuclear, wind and hydro have the lowest mortality, natural gas and solar 
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photovoltaics are higher, and oil and coal have the highest rate of ‘years of 
life lost’.

The standards for emission of liquid or gaseous effl uents include very 
signifi cant safety margins, so that the human health impacts of a nuclear 
plant in normal operation are lower than the radioactive emissions found 
in granite regions, or experienced during a long fl ight. The standards 
of authorized emissions have been defi ned at the international level by 
UNSCEAR (United Nations Scientifi c Committee on the Effects of Atomic 
Radiation). These standards are applied in national regulations. There is a 
strict control of radioactive emissions from different points of a plant and 
in its vicinity, and in most countries such data are published by safety 
authorities and available to the public. Some controversies remain about 
the low-dose impact of radioactivity on health, which raise epistemological 
diffi culties: how can we prove that there is ‘no effect’? All we can do is show 
that no link has so far been observed between normal emissions and mor-
bidity. Outside normal operation, there have been controversies about the 
emissions from the Chernobyl accident, and it will take time to assess the 
emissions from the Fukushima accident and their impacts on the environ-
ment. (It needs to be underlined here that the Fukushima accident was a 
consequence of the combination of an earthquake and a tsunami, and, at 
the time of writing, there have been no deaths due to radiation in Fukushima. 
However, the Fukushima accident will of course lead to a global assessment 
of safety requirements and emergency planning and organization. The 
Three Mile Island (TMI) accident in 1979, which was a technically severe 
accident, entailed no health impact on the population.)

Many studies have already been implemented and will yet be imple-
mented to estimate the impact of the Chernobyl accident on human health. 
It is impossible to make a precise estimation because ‘radiation-induced 
cancers are not all distinguishable from those due to other causes’. And, 
moreover, other pathologies may also have been caused by radiation. A 
study published in 2005 by the Chernobyl Forum (an international expert 
group gathering together several UN agencies including IAEA and 
UNSCEAR, the World Bank group, Belarus, Ukraine and the Russian 
Federation) distinguishes three populations exposed to different levels of 
radiation: ‘emergency and recovery operation workers who worked at the 
Chernobyl power plant and in the exclusion zone after the accident, inhabit-
ants evacuated from contaminated areas, and inhabitants of contaminated 
areas who were not evacuated.’ It concludes that ‘the highest doses were 
received by emergency workers and on-site personnel, in total about 1000 
people, during the fi rst days of the accident, ranging from 2 to 20 Gy, which 
was fatal for some of the workers. Effective doses to the persons evacuated 
from the Chernobyl accident area in the spring and summer 1986 were 
estimated to be of the order of 33 mSv on average, with the highest dose 

�� �� �� �� ��



556 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

of the order of several hundred mSv’. It estimates that ‘among the 600,000 
persons receiving more signifi cant exposures, the possible increase in cancer 
mortality due to radiation exposure might be up to a few per cent’. Signifi cant 
increases of thyroid cancers have been diagnosed among those who were 
children or adolescents at the time of the accident. This report concludes 
also that the socio-economic effects of Chernobyl in the contaminated areas 
should also be as soundly analysed as the health effects. There is no doubt 
that these are even more diffi cult to quantify than the health effects.

The social impact of waste confi nement, at the local scale, is also a very 
controversial topic. The ‘Not In My Back Yard’ (NIMBY) syndrome applies 
more to waste storage or waste disposal than to nuclear plants, for several 
reasons. It is diffi cult to link these facilities to employment, as they do not 
produce any goods, and employment benefi ts are limited. Moreover, as will 
be shown below, a lot of people think that there are no satisfactory solutions 
for storing High Level Long Life (HLLL) waste, so they fear that a waste 
disposal plant could entail health consequences for neighbouring inhabit-
ants, and could have a negative impact on the region’s image and on local 
products. Added to this, the time-scale involved with HLLL waste manage-
ment – millions of years – seems beyond our human comprehension. For 
philosophical reasons it is very diffi cult to build confi dence about waste 
management near disposal sites. People think that being given economic 
compensation is an attempt to buy their acceptance. It seems that strong 
operator and stakeholder involvement, from the beginning of a project of 
waste storage or disposal, can ensure better public acceptance of the shared 
burdens and benefi ts of steady-priced and cheap electricity. Some interest-
ing experiments in this regard are being implemented in Bure, in north-
eastern France, in the area surrounding a geological disposal research 
laboratory. There, all the radioactive waste producers have been involved 
in developing local employment opportunities by transferring renewable 
energy technologies to the area, in parallel with the R&D work being 
carried out on radioactive waste management. This helps to illustrate the 
share of responsibility between different regions in French energy policy: 
the regions which accept radioactive waste disposal benefi t from technology 
transfers to develop also renewable energy sources.

Whatever the technical options considered, it would seem absolutely 
necessary for newcomer countries to think of a waste management policy 
right from the moment of the fi rst opportunity study made when launching 
a nuclear programme, since the waste management question will be raised 
by their opponents anyway, and then taken up by public opinion at large. 
It is important to answer public concerns regarding intergenerational 
responsibility, which is one of the main issues of sustainable development. 
The goal of such a policy is to avoid passing on unsolvable problems to 
future generations. Today, several satisfying and secure options exist for 
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managing different categories of radioactive waste (see Chapter 14), includ-
ing HLLL waste, using geological disposal. The ‘problem’ of waste manage-
ment is no longer a technical one but rather a psychological and political 
issue for local populations.

To conclude this section focused on the ‘social impacts’ of a nuclear pro-
gramme, it appears that such impacts are still misunderstood, partly because 
of an ignorance of scientifi c matters, partly because of the ‘original sin’ of 
nuclear power, and partly because there is no link between statistics con-
cerning risk and intuition, or gut feeling. A better knowledge of the techni-
cal and economic facts and fi gures of nuclear power versus other power 
sources is a necessary (though not always suffi cient) condition to obtain 
better public acceptance.

16.3 Public perception of nuclear power

The social impacts of a nuclear power choice need to be accepted by the 
main stakeholders and by public opinion, even if this means allowing the 
expression of opposition to the policy and, moreover, even if the full 
meaning of that ‘acceptance’ is unknown. It needs to be underlined that 
many people have no real concerns about this topic, except those living near 
sites, so there is often a ‘passive acceptance’ among the public at large. It 
must also be observed that public opinion is very complex, sometimes con-
tradictory or paradoxical or ambivalent about nuclear power, and it is 
impossible to have a clear understanding of this complexity using only 
quantitative polls (see below). In any case, there is little ‘spontaneous’ 
public perception of nuclear power, except memories of Chernobyl and 
(since 2011) of Fukushima, and a general link to the atomic bomb, which 
seems to imply a structural negative image. Beyond this, opinions are built 
by the media, by political leaders, by a country’s political history and its 
international context, and they can evolve, as is shown by the Swedish case 
(where there was a referendum with options to phase out the nuclear pro-
gramme in 1980, but opinion polls in favour of moving to a nuclear pro-
gramme in 2005, as the international context was increasingly in favour of 
nuclear power). It is the responsibility of government to give suffi cient and 
honest information on energy to explain and justify the nuclear choice.

An impressive fact, observed everywhere in the world, is that a country’s 
public opinion is more in favour of nuclear energy if a nuclear programme 
already exists there; similarly, people living in the neighbourhood of nuclear 
plants are more in favour of nuclear power than the general public.

Nuclear power (and energy in general) is not one of the main concerns 
of the public at large, except when there is an energy crisis, such as increas-
ing energy prices, or blackouts of supply, or oil spills. All quantitative 
surveys at a national or international level (for example, the Eurobarometer 
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Special Report on Energy Technologies (European Commission, 2007a), or 
the IRSN – Institut pour la Radioprotection et la Sureté Nucléaire – 
Barometer on perception of risks (IRSN, 2006)) show that social, health 
and security issues are spontaneously cited as people’s main concerns (see 
Tables 16.2 and 16.3).

It must be observed that, in most surveys, when a question about informa-
tion on energy is raised, the majority of people (about 70%) say that they 

Table 16.2 Responses to the question ‘What are the most important 
issues facing your country today?’

Issue %

Unemployment 64
Crime 36
Healthcare system 33
Economic situation 30
Immigration 29
Pensions 28
Infl ation 26
Education system 19
Terrorism 19
Taxation 19
Housing 15
Energy prices and shortages 14
Environmental protection 12
Public transport 6
Defence and foreign affairs 5

Table 16.3 Responses to the question ‘In your opinion, which two 
of the following should be given priority in your government’s 
energy policy?’

Issue %

Guaranteeing low prices for consumers 45
Guaranteeing a continuous supply of energy 35
Protecting the environment 29
Protecting public health 22
Guaranteeing your country independence in the fi eld 

of energy
18

Reducing energy consumption 15
Fighting global warminga 13
Guaranteeing the competitiveness of your country’s 

industries
7

a Global warming is more and more considered as an important issue 
but many people still don’t know the link between nuclear energy and 
limiting climate change.
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don’t have suffi cient information about it. However, when public debates 
are organized, few people from the general public participate in the meet-
ings except those in the neighbourhood of nuclear sites.

We should here consider a number of methodological issues to help us 
understand public perception of nuclear power. There are many quantita-
tive opinion polls, realized at both a national and an international level, 
which are very useful to measure a population’s degree of knowledge 
and concern. Eurobarometers, realized under the aegis of the European 
Commission, are well known and often taken as a reference tool. Such 
Eurobarometers have addressed different topics regarding nuclear energy: 
Europeans and Nuclear Safety Report (2007b), Energy Technologies: 
Knowledge, Perception, Measures (2007a) and Radioactive Waste (2005). 
The main results of these polls are discussed below, but it is important fi rst 
to note several limitations of this kind of tool. First, most of the questions 
raised are closed questions: sometimes the wording doesn’t have the same 
sense for all respondents, and may even be very far from the respondents’ 
concerns. Second, it is worth noting that there are signifi cant differences 
between European countries, so it is impossible to speak about something 
like ‘European public opinion’ regarding nuclear power.

To complement quantitative approaches, qualitative studies (in-depth 
analyses of people’s opinions by non-directive interviews, open questions, 
etc.) are also useful to have a sound understanding of people’s representa-
tions, in all their complex and sometimes paradoxical or contradictory 
aspects. Such a qualitative approach is necessary in order to be aware of all 
obstacles to nuclear acceptance. For instance, a qualitative study under-
taken in France in 2005, before the passing of a new Act on waste manage-
ment, showed that the public at large were not ready to accept the idea of 
long-term geological disposal, one of the reference solutions for managing 
HLLL radioactive waste, because the time-scales involved in waste man-
agement (for some categories of waste being as long as a million years) 
seemed to be, from a philosophical point of view, beyond human responsi-
bility. The appropriate answer was of course not to avoid such a solution in 
the new Act, but to take into account people’s expectations of the reversibil-
ity of disposal. The 2006 Act on Sustainable Management of Radioactive 
Materials and Radioactive Waste requires that any geological disposal be 
reversible for a minimum of 100 years.

Taking another example, many quantitative polls ask simple questions 
but phrase them in terms which are not those used by the public in everyday 
life, or which are diffi cult to interpret. When discussing nuclear power, ques-
tions that are too simple are not relevant. For example, the simple question 
‘Are you against or in favour of nuclear power?’ does not take into account 
or explain that, in several countries, about 50% of the public have no precise 
opinion on nuclear power, or have ambivalent perceptions, with some 
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people thinking that ‘it is good for the economy and bad for the environ-
ment’ whilst others think the opposite.

It is also diffi cult to interpret answers to closed questions such as ‘Do you 
agree/disagree with the following opinion: waste disposal may be imple-
mented in safe conditions’, because we do not know what each of the dif-
ferent respondents consider to be ‘safe conditions’. The same can be said 
about the following question asked in the EU Waste Eurobarometer: 
‘Would you be more in favour of nuclear energy if one would have solved 
the problem of waste management?’, which requires an understanding of 
what is meant, to the public at large, by having ‘solutions’ for the problem 
of waste management; we know that technical solutions already exist but 
their social acceptance remains problematic.

It therefore seems appropriate to combine quantitative and qualitative 
approaches: the quantitative approach to have a rough vision of the accept-
ance and evolution of public opinion, and the qualitative approach to 
acquire an understanding of people’s concerns.

16.3.1 International constants revealed by polls

Whatever the differences measured by polls in different countries (notably 
in the EU Eurobarometers), there are several data which are commonly 
observed everywhere:

• People have little knowledge of the share of each energy source, and 
they tend to overestimate the current share and, moreover, the potential 
of new renewable energy sources to produce electricity. If, in nuclear 
countries, many people have a correct perception of the share of nuclear 
power in current electricity production, they tend to believe that this 
share, like that of fossil fuels, could be dramatically reduced by 2030 in 
favour of solar or wind energy sources (see Fig. 16.1).

• There is a correlation between knowledge and acceptance: the more 
people are informed of the advantages and drawbacks of different 
power sources, the more nuclear energy is accepted. Notably, when the 
public knows that nuclear power doesn’t emit greenhouse gases and so 
doesn’t contribute to climate change, it is better accepted. In the same 
way, people who are opposed to nuclear energy think that they are not 
well informed and tend to consider that there is a lack of information 
from the nuclear operators and from governments.

• The main arguments in favour of nuclear energy, everywhere, are its 
contribution to supply security or energy independency, low prices of 
energy and, increasingly, the fact that nuclear energy does not emit CO2. 
The main reasons evoked against nuclear energy are ‘waste manage-
ment problems’ and safety risks. In all countries, we fi nd a proportion 
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16.1 Responses to the question ‘What do you expect to be the top three 
energy sources in 30 years?’ (cf. Eurobarometer on Energy Technologies, 
2007).

of people for nuclear energy, other people against nuclear energy, and 
an important proportion that are hesitant or without a clear opinion. 
This group of ‘undecided’ people is an important target for government 
information on nuclear energy.

• There are some correlations between socio-demographic characteristics 
(gender, age, education and economic levels), political opinions and 
nuclear acceptance. Generally, men are more in favour of nuclear power 
than women, well-educated people are more in favour of nuclear power 
than the less well educated, and right-oriented people are more in 
favour of nuclear power than those who are left-leaning.

• People claim to have more trust in non-governmental organizations 
(NGOs) and scientists than in political leaders, government and the 
media to give them information on nuclear power.

• In fact, the public is very much infl uenced by mass media and by political 
leaders. There is a vicious circle between the perception by political 
leaders that nuclear power is not a well-accepted choice by citizens, and 
that therefore there is some political risk attached to supporting it, and 
the citizens’ perception that there is some reluctance for political leaders 
to support nuclear power.

• A guarantee of low energy prices for consumers is, everywhere, the main 
expectation of a government’s energy policy. Nevertheless, security of 
supply, protection of the environment and of human health are also 
important expectations (see Fig. 16.1).
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• Last but not least, public opinion on nuclear power can evolve: a major 
accident like Chernobyl can have a great impact on nuclear acceptance 
everywhere in the world; indeed, after Chernobyl, some countries 
decided to phase out their nuclear programmes, sometimes via a 
referendum (e.g. Italy). Following the Fukushima accident, German 
Chancellor Angela Merkel decided to shut down the older nuclear 
plants in Germany. In this regard, safety is a shared responsibility for all 
nuclear operators and all nuclear countries. The Fukushima accident will 
have consequences for nuclear development everywhere, and particu-
larly in Western countries where the nuclear option is more controver-
sial. On the other hand, since the 2000s, there appears to have been more 
and more acceptance of nuclear power, due to a combination of several 
factors: progressive awareness of climate change as a major issue, the 
infl uence of nuclear development in Asia, signs of a ‘nuclear revival’ in 
the EU and USA, the instability of oil and gas prices, geopolitical ten-
sions between suppliers and consumers, the scarcity of raw materials, 
etc. Making a nuclear choice could be seen as a factor of stability in this 
context.

16.3.2 Public perception of the radiological risk

It must be remembered that there is always a gap between intuitive percep-
tions and probabilistic evaluation of risk, in any fi eld: we know that the 
probability of having a fatal accident when travelling by plane is far lower 
than having one when travelling by car but, nevertheless, many people are 
more afraid of being in planes than they are of being in cars. In the energy 
fi eld, many studies comparing lethal risks resulting from different energy 
sources (ExternE, NEA, 2010) show that nuclear energy’s risk of a lethal 
accident is lower than that for fossil sources (coal, oil and even gas). 
Nevertheless, the risk of accident is more spontaneously linked to nuclear 
power than to coal mining or oil extraction. This risk remains the main 
argument of nuclear opponents and it is also an obstacle for people who 
have ambivalent perceptions of nuclear energy.

In the 2007 Eurobarometer, respondents had to choose between two 
answers: ‘The advantages of nuclear power as an energy source outweigh 
the risks it poses’ and ‘The risks of nuclear power as an energy source out-
weigh its advantages’ (NEA, 2010: Fig. 2, p. 22). With regard to nuclear 
power, people’s threats are focused on catastrophic accident and radiologi-
cal risk for human health, often seen as insidious in the neighbourhood of 
nuclear sites. Objective knowledge may limit fear of these threats, but there 
always remains some unconscious distrust. But the more people feel well 
informed on nuclear safety, the less they feel threatened by nuclear safety 
risks (NEA, 2010, pp. 22–23).
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The best way to convince people of nuclear safety is by the example of 
safe operation: this is why confi dence in safety authorities is more pro-
nounced in nuclear countries than in non-nuclear countries and, moreover, 
more pronounced in the neighbourhood of nuclear plants (Eurobarometer, 
NEA, 2010, p. 22): 59% of respondents in nuclear countries think that 
nuclear plants can be operated safely against 31% who do not. This puts 
the NIMBY syndrome into perspective: opposition particularly applies 
before the building of a nuclear facility in newcomer countries but is less 
observed in nuclear countries in the neighbourhood of nuclear plants.

16.3.3 Information, dialogue, debate: how to interact 
with stakeholders?

In recent years, particularly in western countries, there has been an increas-
ingly marked distinction between giving information, which is a ‘top-down’ 
process, and stakeholder involvement, which tends to involve groups and 
citizens who declare an interest in nuclear choice in the decision process. 
The degree of citizen involvement in the decision process is variable, ranging 
from compulsory involvement or (as is more often the case) simply con-
sultative advice. Whichever, stakeholder involvement requires giving suffi -
cient information to stakeholders, and so requires real transparency and 
access to expertise. However, other information processes may have differ-
ent purposes: they may have an educational goal, which requires ‘objective’ 
information on the advantages and drawbacks of all energy sources, and an 
explanation of geopolitical and economic constraints which limit and struc-
ture energy choices. Conversely, they can tend to involve or infl uence citi-
zens’ opinions, for instance through advertising campaigns, where the goal 
is less to supply knowledge than to obtain support.

There are many kinds of ‘stakeholder involvement processes’: national 
or local public debates; Local Information Councils (CLI), in France, in 
the neighbourhood of nuclear plants; a Dialogue Forum in the Russian 
Federation; COWAM in the EU; and numerous other initiatives. These 
processes don’t have the same impact on public decision  everywhere: in 
France, national debates under the aegis of CNDP (‘National Commission 
of Public Debate’) have a legal status and are compulsory for some deci-
sions about the building of large energy facilities; again in France, CLIs are 
compulsory near nuclear sites but they have no decision mandate; in the 
UK, the 2006 consultation on nuclear policy had no compulsory value; the 
Swedish process of local consultation to select a disposal site has had a 
decisive impact on the fi nal choice, etc. The political impact of consultative 
or participative processes in public decisions to launch a nuclear programme 
depends strongly on local laws and on national political culture. For instance, 
in 2005–2006, in France, the government referred to the CNDP to organize 

�� �� �� �� ��



564 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

a national public debate before passing a new Act on waste management. 
This public debate was implemented by organizing 13 meetings, some in 
Paris and in other larger cities (Lyon, Marseille, Nancy) and others in the 
vicinity of possible waste storage or disposal sites. The schedule was very 
strict, with the participation of nuclear sector professionals, government 
representatives, NGOs and independent experts. Some anti-nuclear NGOs 
refused to participate. Public participation was weak in Paris and in the 
large cities far from the sites but it was signifi cant near the potential disposal 
sites. The meetings and an Internet consultation allowed a long list of ques-
tions and fears about radioactive waste management to be collected, and 
for answers to be given to those questions. This also made it possible to take 
these fears into account when proposing the Act, by including clauses, for 
example, to ensure the reversibility of nuclear waste disposal for a period 
of 100 years. This whole process probably increased people’s knowledge 
and understanding of waste management issues in France, but it did not 
increase the wider public interest in them. Some years later, the question 
of radioactive waste management remains, for the public at large, a problem 
with ‘no solution’.

The following lessons can be learned from the experience of public 
debates in France:

• Be transparent about the process and about the role of debate in elabo-
rating a decision; it is important to explain the impact of public debate 
on the decision (whether about an Act or selection of a site for a nuclear 
facility). In this regard, several qualitative and quantitative studies con-
ducted in France (IRSN, The French Perception of Risks and Security, 
Barometer, 2010), and quantitative studies implemented in the EU show 
that a majority of citizens delegate technological decision to experts, 
provided the experts report their arguments and possible doubts or 
disagreements, and provided information is shared with the public. 
Moreover, the Eurobarometer on Nuclear Safety (2010) showed that 
‘only around one in four Europeans would like to be directly consulted 
in the decision-making process regarding the development and updating 
of energy strategies’.

• Give complete information about all energy sources and allow people 
to be able to build their own understanding of realistic choices: is there 
an alternative to nuclear power and, if so, what are the advantages and 
drawbacks of each alternative solution?

• Clearly defi ne the process and the different steps from opportunity 
study to decision, and the rules, limits and schedule of public 
consultation.

• Listen to all the fears and questions raised about a nuclear project and 
provide answers to all of them.
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16.4 Conclusion

A gap remains between the social impact of nuclear power and people’s 
perception of its impact. This gap is more acute in non-nuclear countries, 
and the more nuclear power is experienced, the better it is accepted. But 
contradictory phenomena infl uence the evolution of public perceptions. A 
better understanding of energy questions and of environmental and eco-
nomic issues will probably contribute to a better acceptance of nuclear 
power, and the growing interest in developed and (more and more) devel-
oping countries for nuclear power as part of a low-carbon energy strategy 
may have a driving effect. In the same way, continuous improvements in 
safety may have a positive effect; conversely, however, a severe accident 
like Fukushima will have an adverse effect everywhere in the world, even 
if the needs of nuclear power in an energy mix remain exactly the same as 
before the accident. There is a growing need for stakeholder involvement 
in the decision process, which has ambivalent consequences: it can favour 
objective discussion among different parties about the advantages and 
drawbacks of the nuclear choice; however, many people in the public at 
large who have no defi nite opinion on nuclear power may in fact be con-
vinced by nuclear opponents, of whom there are many giving their views in 
public debates. As a result, nuclear decisions must be based soundly on a 
technical and economic opportunity study, and any such decision must be 
supported by a majority of political decision-makers and by the business 
community. The most diffi cult decision to make is the decision for the fi rst 
plant or the fi rst units, because infrastructure costs and possible public 
reluctance are the same for one plant or for a whole programme. Such a 
decision may have a very positive impact on economic, technological, indus-
trial and educational development in a country but requires suffi cient politi-
cal stability to guarantee safe, secure and sustainable practice.
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17
Environmental impacts and assessment 

in nuclear power programmes

I . SALTER, P. ROBINSON, M. FREEMAN and 
J. JAGASIA, Burges Salmon LLP, UK

Abstract: This chapter analyses how the environmental impacts of 
nuclear new build are taken into account in government policy, planning 
decisions and the regulation of plants at all stages in their lifecycles, 
summarises the legal regime that underpins the requirement for strategic 
environmental assessments and environmental impact assessments, and 
considers the key features of land use planning systems and regulatory 
systems and the role that they play in the control of environmental 
impacts.

Keywords: strategic environmental assessment, environmental impact 
assessment, land use planning, environmental regulation, nuclear new 
build.

17.1 Introduction

The risk of harm to the natural and human environment associated with 
nuclear installations is undeniably signifi cant, and thus requires proper 
management. Uncontrolled discharges of radioactive waste will necessarily 
cause chemical and biological disruption to local ecology and biodiversity, 
unregulated exposure to radiation is medically proven to pose risks to 
human health, and the severe environmental consequences of incidents 
such as Three Mile Island (United States, 1979) and Chernobyl (Soviet 
Union (Ukraine), 1986) have demonstrated that nuclear operations can 
have signifi cant implications for internal relations. As a result, there has 
been long-standing social and political opposition to the development of 
new nuclear installations on the basis of environmental impacts. The recent 
events at the Fukushima Daiichi No.1 nuclear plant (Japan, 2011) have 
served as a stark reminder of the risks associated with nuclear installations, 
and many countries around the world have paused to refl ect on their own 
national nuclear programmes.

In order to recognise and address these concerns, legal systems, national, 
supranational and international, have had to develop and evolve suitable 
processes and mechanisms to ensure not only that the safety of nuclear 
installations is maximised, but also that the public has the fullest confi dence 
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that a thorough consideration of environmental impacts has been fully 
integrated in the development and planning process. Many jurisdictions 
now refl ect certain internationally accepted legal mechanisms, the primary 
function of which is to ensure that national public authorities carry out a 
series of environmental assessments before a decision is taken as to whether 
to authorise the development of new installations. These assessments will 
identify the likely environmental impacts of the project, and suggest ways 
of mitigating these impacts. In addition, the land use planning system is 
employed in most civil nuclear jurisdictions to decide whether or not 
new developments should be approved. Amongst other things, planning 
bodies will take into account the fi ndings of environmental assessments 
(and other environmental impacts brought to their attention) in their 
decisions and the resulting conditions that are imposed on successful 
applicants.

This chapter aims to identify the key procedural and substantive aspects 
of two types of environmental assessment, and then to demonstrate how 
environmental impacts associated with nuclear installations are refl ected by 
national planning authorities in their decision making and subsequently 
regulated throughout the life of an installation.

17.2 Environmental protection

17.2.1 International environmental protection

Ever since the establishment of the United Nations Environment Programme 
and the formulation of the 1992 Rio Declaration, environmental protection 
has played an increasingly signifi cant role in international law. Modern 
international institutions and instruments seek to promote economic devel-
opment whilst at the same time preventing States from wilfully exploiting 
or neglecting their natural environments.

One particular area which has been a major focus of the international 
community, and indeed which dates back to the early part of the twentieth 
century, is the environmental and human health risks associated with ionis-
ing radiation. The fi rst important international institution in this fi eld was 
the International Commission on Radiological Protection (ICRP), which 
was established in 1928 to publish recommendations on the basis of scien-
tifi c research on the risks posed by radiation exposure.

The International Atomic Energy Agency (IAEA) is another important 
body in this fi eld. As with the ICRP, the IAEA regularly publishes advice 
and guidance on how national legal systems can best protect individuals 
and the environment from radiation harm. In 2006, the IAEA published its 
2006 Fundamental Safety Principles (IAEA, 2006, SF-1), which is a set of 
basic principles which should be applied by States to all circumstances 
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which give rise to a radiation risk. The fundamental safety objective is to 
protect people and the environment from the harmful effects of ionising 
radiation over the lifetime of a nuclear facility (includes stages/processes 
such as planning, siting, design, manufacturing, construction, commissioning 
and operation, as well as decommissioning and closure). This objective 
should also be applied to the associated activities of transport and manage-
ment of radioactive material and waste.

The IAEA has also published a highly infl uential document, Milestones 
in the Development of a National Infrastructure for Nuclear Power (IAEA, 
2007), which provides detailed general guidance for States on how to 
develop national nuclear programmes in an environmentally sensitive 
manner.

The IAEA is in the process of developing further recommendations and 
guidance which address the environmental impact of facilities and the envi-
ronmental consequences of radioactive releases to the natural environment 
(Radiological Environmental Impact Analysis for Facilities and Activities 
and Regulatory Control of Radioactive Releases to the Environment from 
Facilities and Activities). At the time of publication these safety standards 
were both under development.

The recommendations and publications of the ICRP and the IAEA have 
undoubtedly had an enormous infl uence on the development of the inter-
national regulation of nuclear facilities; however, like most instruments of 
international law, they are not directly enforceable in national legal systems 
– they are merely published with a view to guiding States on how to best 
introduce measures to protect individuals and the environment from radia-
tion harm. In order for the measures to apply directly in national legal 
systems, they must be directly transposed into national law by national 
legislation.

17.2.2 European Union Directives – supranational and 
national environmental protection

Following the advent of the EURATOM Treaty (establishing the European 
Atomic Energy Community), European Union regulation in the fi eld of 
nuclear installations has historically taken the form of EU Directives. As 
with international law, EU Directives are not directly applicable in Member 
States – they must be transposed into the national legal system by national 
implementing legislation. Two legal concepts have been particularly infl u-
ential in the regulation of the environmental impacts of nuclear installations 
– Strategic Environmental Assessment and Environmental Impact 
Assessment. Both of these legal concepts are discussed in further detail 
below, as well as the national legislation which implements the relevant EU 
Directives in the UK.
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European Union Strategic Environmental Assessment (SEA)

Strategic Environmental Assessment (SEA) is a mandatory legal require-
ment in the European Union in respect of plans or programmes which are 
adopted by EU national public authorities. The SEA regime is a relatively 
recent concept that is derived from the Directive on strategic environmen-
tal assessment (SEA Directive 2001/42/EC), which was transposed into 
English law by the Environmental Assessment of Plans and Programmes 
Regulations 2004 (SI 2004/1633). The objective of the Directive is to ‘provide 
for a high level of protection of the environment’ by ensuring the ‘integra-
tion of environmental considerations into the preparation and adoption of 
plans and programmes’ (SEA Directive, 2001, Article 1). ‘Plans or pro-
grammes’ is very widely defi ned and covers many types of activity, including 
many kinds of government policy statements.

The SEA Directive provides that an environmental assessment is to be 
carried out for all plans and programmes which are likely to have signifi cant 
environmental effects. The assessment is to be completed prior to the plan 
or programme being adopted so as to ensure that environmental considera-
tions are fully integrated in the process from the outset (SEA Directive, 
2001, Article 4(1)), and reasonable alternatives should be identifi ed, 
described and evaluated where appropriate, taking into account the objec-
tives and geographical scope of the plan or programme (SEA Directive, 
2001, Article 4(1)).

Plans and programmes requiring SEA

The SEA Directive and its transposition into the domestic legal systems of 
Member States of the EU establishes a statutory test to determine whether 
an SEA assessment is required:

 1. Is there a specifi c legislative, regulatory or administrative requirement 
for the plan or programme?

 2. Does the plan or programme set a framework for future development 
consents?

 3. Is the plan or programme ‘likely to have signifi cant environmental 
effects?’

 4. Does the plan or programme relate to a subject matter contemplated 
by the Directive? Plans or programmes prepared for energy purposes 
are expressly covered by the SEA Directive and so, in the context of 
the development of new nuclear power programmes, SEA will often 
feature as a mandatory requirement. (SEA Directive, 2001, Articles 2(a), 
3(1) and 3(4))

A key issue for national, regional and local authorities therefore is to 
determine (in advance of approval) whether the proposed plan or 
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programme is subject to the requirement of an SEA assessment. This will 
be important since SEA carries with it certain minimum administrative and 
procedural steps and requirements for consultation that lead to the produc-
tion of formal documents such as the Environmental Report (akin 
to the Environmental Statement in a project-level Environmental Impact 
Assessment – see below). In the United Kingdom, a local authority’s 
decision may be challenged by way of judicial review if, for example, it 
incorrectly determines that an SEA is not required.

The United Kingdom government has taken the view that pure state-
ments of general government policy do not fall within the scope of the SEA 
Directive, such as the Energy White Papers of 2006 (Department of Trade 
and Industry, The Energy Challenge: Energy Review Report, July 2006) or 
2008 (Department for Business, Enterprise and Regulatory Reform, Meeting 
the Energy Challenge: A White Paper on Nuclear Power, January 2008), and 
so do not require an SEA assessment to be carried out in advance of their 
adoption or publication. This is for a number of reasons, the principal 
one being that the preparation of policy documentation is not specifi cally 
required by legislation or a mandatory administrative process. So how does 
an authority determine whether its proposed ‘plan or programme’ is subject 
to the requirements of the SEA Directive? The answer must lie, to a certain 
extent, in the SEA Directive itself, but particular consideration must also 
be given to what, in practice, the drafting of policy documents will lead to. 
Is the document one that is specifi cally required by legislation? Will it be 
used as a framework (or part of a framework) for subsequent development 
consent decisions? Are the issues it addresses ones that are likely to have 
signifi cant environmental effects? If the plan or programme is to proceed 
on the basis of identifying development suitability on a site-specifi c 
basis, there will inevitably be greater pressure to ensure that SEA is 
undertaken.

Take the proposed United Kingdom Nuclear National Policy Statement 
(NPS) as an example; all of these criteria are clearly met. Having addition-
ally resolved to invite the nomination of specifi c sites for assessment against 
a range of criteria relevant to the subsequent grant of a development 
consent for new nuclear power stations, the United Kingdom government 
has accepted it is inevitable that the SEA process must be adhered to. For 
the nuclear NPS, the UK Department of Energy and Climate Change/
Offi ce for Nuclear Development (OND) has indicated that an ‘Assessment 
of Sustainability’ (AoS) will be undertaken that discharges all the require-
ments of the SEA Regulations. For this Nuclear NPS, at least, the AoS may 
replace SEA (see ‘Towards a Nuclear National Policy Statement’, OND, 
January 2009). Although it is now undertaking that process at the same time 
as drafting the NPS, the UK government recognises that formal stages of 
SEA are such that the draft NPS and the formal SEA Environmental 
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Report cannot be one and the same thing, but have to be offset. The NPS 
must have been issued in draft before the Environmental Report under the 
SEA Regulations can be prepared.

So, in cases such as this, policy makers are faced with the challenge of 
ensuring that there is adequate environmental investigation of the policy 
that they intend to put forward before the policy is formalised. In this 
respect, the United Kingdom’s forthcoming Nuclear NPS is expected to set 
the standard for the level of information required for the drafting of an 
NPS that is site-specifi c.

Practical application and key considerations

The primary output of the SEA process is the Environmental Report, a 
document required by the SEA Directive which identifi es the likely signifi -
cant effects on the environment that would occur if the plan or programme 
were to be implemented (SEA Directive, 2001, Article 5(1)). Annex I of the 
SEA Directive sets out the minimum information that the Environmental 
Report should contain. Given that the SEA process is essentially a com-
parison of the state of the natural and human environment with and without 
the plan or programme being implemented, the starting point of the 
Environmental Report is to identify the current state of the environment 
and how that area would evolve without implementation of the plan 
or programme (SEA Directive, 2001, Annex 1, paragraph (b)). The 
Environmental Report should also identify the broad environmental char-
acteristics of the area likely to be affected, as well as the particular areas 
where impacts could be signifi cant, such as biodiversity, population, human 
health, archaeological heritage and landscape (SEA Directive, 2001, Annex 
1, paragraphs (c) and (f)).

Perhaps the most signifi cant part of the Environmental Report, however, 
at least in terms of the ideological drive behind the SEA Directive, is the 
part which identifi es the measures envisaged to ‘prevent, reduce and as fully 
as possible offset’ (SEA Directive, 2001, Annex 1, paragraph (g)) the sig-
nifi cant adverse impact on the environment. Indeed, the SEA process would 
have very little worth if authorities were not obliged to consider ways to 
mitigate the serious environmental effects that have been identifi ed by the 
process. These measures should be drawn up in light of current knowledge 
and methods of assessment and the contents and level of detail in the plan 
or programme so as to ensure that the local authority can identify mitiga-
tion measures which would be commensurate with the nature and extent 
of the likely environmental effects (SEA Directive, 2001, Article 5(2)).

As well as identifying practical measures that would mitigate the envi-
ronmental impact of the proposed plan or programme, the SEA Directive 
also requires the Environmental Report to identify, describe and evaluate 
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the ‘reasonable alternatives taking into account the objectives and the geo-
graphical scope of the plan or programme’ (SEA Directive, 2001, Article 
5(1)). This requirement is designed to ensure that the authority gives serious 
consideration to the environmental impacts of the proposed activity and 
applies its mind to alternative plans or programmes (or variations on the 
existing plan or programme) what would have less serious consequences 
for the environment. On a practical level, the area of alternatives is often 
the most closely scrutinised by interested parties and, in the United Kingdom 
in particular, local authorities have been particularly cautious in their 
approach to identifying alternatives.

Links between SEA and EIA

Despite the fact that SEA has been a legal requirement since 2005, there 
has been relatively little commentary or practice that has emerged on what 
authorities are required to do with the output of the SEA process. As a 
result, this area is relatively untested in the context of major infrastructure 
development, and particularly in the area of nuclear/energy planning. The 
key question remains exactly how, if at all, local authorities should aim to 
integrate the results of the SEA process, and the conclusions of the 
Environmental Report, with the subsequent process of granting individual 
development consents for projects.

Even outside the energy sector there is surprisingly little written guidance 
on this and indeed very little written legal opinion on the appropriate use 
of SEA materials at the development consent stage (such challenges relat-
ing to SEA that we have seen relating to the policies themselves, not the 
subsequent reliance upon them). This has the somewhat unfortunate result 
of potentially leaving authorities with the mistaken belief that the SEA 
process is an exercise with no real end. Nonetheless, this is not a safe 
assumption to make and does not sit at all comfortably with the express 
objective of the SEA Directive to ensure that environmental considerations 
are fully integrated in the development process. The way in which the SEA 
output material infl uences project-level development control decisions will 
be how, in practice, the process of SEA infl uences development on the 
ground with a view to promoting sustainable development.

In principle, the answer to this problem is relatively simple – when a 
developer makes a project-specifi c development consent application which 
relies upon, or perhaps more widely just bears upon, any ‘plan or pro-
gramme’ which has been subject to the SEA regime, it will be important 
for the determining authority to at least make references to the 
Environmental Report, the output of the SEA regime which should have 
already been completed. The usual method by which this is effected is 
through the detailed project-level Environmental Impact Assessment 
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(EIA). There are undoubtedly some areas of overlap between the SEA 
process and the EIA process, but the Commission of the European Union 
has broadly distinguished the two on the basis that SEA applies ‘upstream’ 
to certain public plans and programmes, while EIA applies ‘downstream’ 
to certain public and private projects (European Commission, 2009, 
paragraph 3.5).

17.3 Environmental Impact Assessment (EIA)

17.3.1 Background to European Union Environmental 
Impact Assessment

The Environmental Impact Assessment (EIA), also known as the 
Enviornmental Impact Statement in the United States of America, is ‘an 
examination, analysis and assessment of planned activities with a view to 
ensuring environmentally sound and sustainable development’ (United 
Nations, 1987). Although the defi nition of EIA does appear strikingly 
similar to that of SEA, the fundamental distinction between EIA and SEA 
is essentially one of tiering: SEA is carried out at an early stage to assess 
the environmental impacts of a proposed plan or programme; EIA is carried 
out at a later stage in the development process when the authority has 
undertaken the SEA process and is considering granting development con-
sents for a specifi c development activity. Specifi cally in the context of the 
development of new nuclear programmes, the approach to EIA can be 
contrasted with the high-level approach to regulatory justifi cation required 
by ICRP 60 (International Commission on Radiological Protection, 1990) 
and other legislative instruments developed within the European Union 
(see EC Directive 96/29/EURATOM) and transposed into European Union 
Member States (for example, SI 2004/1769 on nuclear justifi cation in the 
UK). EIA is a detailed, project-specifi c assessment of the environmental 
impacts of a proposed project.

Notwithstanding the fact that the EIA process comes after that of SEA, 
it remains paramount that EIA is undertaken at a very early stage in the 
decision-making process, crucially before a decision is taken as to whether 
consent for the development should be granted. Relevant signifi cant envi-
ronmental issues should be identifi ed and impartially examined, so that 
national authorities do not undertake or authorise the activities in question 
without serious prior consideration of their environmental impacts. To this 
end, EIA is a necessary legislative tool in any regulatory system which aims 
to promote a certain level of concern between economic development and 
environmental protection.

It is commonly accepted that the concept of EIA has its earliest roots in 
legislation from the United States, the National Environmental Policy Act 
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1969 (NEPA), which was passed largely in response to the public’s height-
ened concern for the environment raised by Rachel Carson’s Silent Spring. 
The express purpose of NEPA was to ‘promote efforts which will prevent 
or eliminate damage to the environment’ by establishing ‘a national policy 
which will encourage productive and enjoyable harmony between man and 
his environment’ (NEPA, Section 2). NEPA established a legal mechanism 
whereby federal agencies were compelled to prepare a ‘detailed statement’ 
of the environmental impacts of proposed projects, a statement which 
became known as an Environmental Impact Statement, and to ‘study, 
develop, and describe appropriate alternatives’ to the proposed course of 
action (NEPA, Sections 102(2)(C) and (E)). The process under NEPA bears 
many similarities with the modern-day SEA and EIA processes, principally 
in that it aims to compel the institutionalisation of environmental concern, 
and to ensure that the views of a wide range of parties, including the public, 
are incorporated in the decision-making process.

Since the 1960s, the principles established by NEPA have been refi ned 
and developed and are now enshrined at an international level in a number 
of legal instruments. In 1987, the United Nations Environment Programme 
demonstrated its support for the concept of EIA through the publication 
of its ‘Goals and Principles of Environmental Impact Assessment’ (United 
Nations Environment Programme, 1987), a comprehensive overview of 
EIA methodology at national, regional and international levels. Further 
support was given to EIA by Principle 17 of the Rio Declaration which 
advocates the use of EIA as ‘a national instrument’ for ‘proposed activities 
that are likely to have a signifi cant adverse impact on the environment’ 
(United Nations, 1992, Principle 17). The European Union has also passed 
several Directives requiring Member States to legislate for the assessment 
of the environmental effects of public and private projects, the most 
notable in this area being Directive 85/337/EEC (the EIA Directive) 
which, in general, has been transposed and implemented in all Member 
States.

It is clear, then, that the concept of EIA is widely accepted by the inter-
national legal community, principally on the basis that the process should 
introduce a certain level of impartiality, transparency and accountability to 
decisions that will necessarily have a signifi cant impact on the natural and 
human environment. EIA also provides a valuable opening for public par-
ticipation in decision-making, even though public opinion will not neces-
sarily prevent the project from proceeding. The United Kingdom House of 
Lords has held that the obligation on authorities is to ensure that the EIA 
process is an ‘inclusive and democratic procedure . . . in which the public, 
however misguided or wrongheaded its views may be, is given an opportu-
nity to express its opinion on the environmental issues’ (Berkeley v Secretary 
of State for the Environment and Another [2001]). Public participation is a 
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fundamental tenet of the EIA Directive regime, and is also a factor which 
becomes particularly poignant when considered in light of the obligations 
of many States under the Aarhus Convention (Aarhus, 1998) and certain 
international human rights agreements (such as the European Convention 
on Human Rights and Fundamental Freedoms). Specifi cally in the context 
of nuclear new build, the IAEA International Nuclear Safety Group 
(INSAG) has emphasised the importance of public participation as a way 
of ensuring public confi dence in the safety of nuclear installations (INSAG, 
2006).

17.3.2 Processes requiring EIA

It is clear from Principle 17 of the Rio Declaration, in addition to other 
international environmental instruments, that international law requires 
States to carry out an EIA when the proposed project is considered to have 
‘signifi cant adverse’ implications for the environment. A ‘project’ is gener-
ally accepted to be the execution of construction works or other interven-
tions in the natural surroundings and landscape (EIA Directive, 2009, 
Article 1(2)). The obligation to undertake an EIA will not apply where the 
potential environmental harm that may be caused by the project is slight. 
Therefore, the potential environmental harm must be signifi cant. The legal 
terminology is similar at a European level, with EU Member States being 
required to carry out an assessment where a proposed project is likely to 
have ‘signifi cant effects’ on the environment. It remains, however, the dis-
cretion of the individual State to determine when the potential environ-
mental impacts can be classed as ‘signifi cant’. A key question, therefore, is 
whether there are parameters to this discretion – are there any types of 
activity that will necessarily cause environmental damage of the requisite 
signifi cance so as to require a mandatory EIA?

The EIA Directive is of some assistance on this point. Annex 1 of the 
EIA Directive lists projects which, by their very nature, must be made 
subject to a mandatory EIA. ‘Nuclear power stations and other nuclear 
reactors’ and ‘installations solely designed for the permanent storage or 
fi nal disposal of radioactive waste’ are expressly listed in Annex 1 and so 
development projects of this nature will always trigger the requirement 
for mandatory EIA. The European Court of Justice (ECJ) has recently 
ruled that Annex 1 activities carry with them a presumption of signifi cant 
environmental damage or risk and therefore will always be subject to the 
‘unequivocal obligation’ (Case C-431/92 Commission v Germany, para-
graph 39) to carry out EIA, irrespective of whether the activity in question 
crosses the political boundaries of two or more Member States (Case 
C-205/08 Umweltanwalt von Kaernten).
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17.3.3 Transboundary harm from hazardous activities

This raises the interesting question of how EIA should be carried out where 
environmental consequences of a proposed nuclear installation may 
straddle political boundaries. Of particular relevance here is the concept of 
transboundary EIA, the process whereby States ‘take all appropriate and 
effective measures to prevent, reduce and control signifi cant adverse trans-
boundary environmental impact from proposed activities’ (United Nations, 
1991, Article 2(1)). This is an express requirement of the EIA Directive, 
but is also an established principle of international law. The Convention 
on Environmental Impact Assessment in a Transboundary Context (the 
Transboundary EIA Convention) (United Nations, 1991) is the primary 
international agreement on the matter, and provided the basis upon 
which the EIA Directive was amended in 1997. The Transboundary EIA 
Convention has as its core the objective of enhancing international coop-
eration in assessing and mitigating environmental impacts in a transbound-
ary context, and addresses the situation where an activity proposed in a 
territory in one jurisdiction causes the risk of signifi cant adverse environ-
mental impacts in the jurisdiction of another State. The defi nition of ‘impact’ 
is drafted widely and includes ‘any effect on the environment . . . historical 
monuments or other physical structures’ and any resulting ‘effects on cul-
tural heritage or socioeconomic conditions’ (United Nations, 1991, Article 
1(vii)). Clearly, this threshold is deliberately set at a very low level so as to 
encourage active dialogue between States when the potential for trans-
boundary environmental issues arises.

The process affords the affected State the right to participate in and, to 
a limited extent, infl uence the decision-making process in the State where 
the activity is proposed, principally by giving the affected State the right to 
be notifi ed of the proposed activity and to receive certain documentation 
as regards environmental assessment. As with EIA at a national level, 
however, the transboundary EIA process does not give affected States(s) 
the right to ‘veto’ a proposed activity on the basis of transboundary envi-
ronmental impacts.

Adopting an approach similar to that of the EIA Directive, Appendix 1 
of the Transboundary EIA Convention identifi es types of projects for which 
a transboundary EIA should always be carried out. This includes proposed 
development of installations for the ‘production or enrichment of nuclear 
fuels, for the reprocessing of irradiated nuclear fuels or for the storage, 
disposal and processing of radioactive waste’ (United Nations, 1991, 
Appendix 1, paragraph 3). In the early to mid-1990s, the British government 
listened closely to representations made by the Irish government when it 
was considering how to proceed with determining a licence application for 
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a proposed nuclear waste disposal site at Sellafi eld in England. The Irish 
government produced strong scientifi c evidence that the storage of radioac-
tive substances at the proposed disposal site could have signifi cant adverse 
environmental impacts in Ireland, primarily as a result of Sellafi eld’s geo-
graphical location on the Irish Sea coastline. This evidence ultimately played 
a signifi cant part in the British government’s decision to not grant the 
licence.

17.3.4 Administration of EIA

The EIA Directive requires the production of an Environmental Statement 
as the primary output of the EIA process, the minimum contents of which 
are prescribed by the EIA Directive and are closely aligned to that of the 
Environmental Report in the SEA process. Annex III of the EIA Directive 
dictates the minimum information that is to be provided as part of the 
Environmental Statement including, among others, a description of the 
physical characteristics of the project including its land-use requirements, 
an estimate (by type and quantity) of expected residues and emissions 
associated with the activity and a description of the likely signifi cant 
effects of the proposed activity on the environment. A non-technical 
summary of the information is also to be included in the Environmental 
Statement so as to ensure that the implications of the scientifi c informa-
tion are readily accessible by the general public. As with the SEA process, 
a crucial requirement of the EIA Directive is that the Environmental 
Statement identifi es any measures envisaged to ‘prevent, reduce and where 
possible offset any signifi cant adverse effects on the environment’ (EIA 
Directive, Annex 3, paragraph 5). The Environmental Statement is to be 
made available to the relevant members of the public, along with the 
application for development consent, and the public is to be given the 
opportunity to express its opinion on the project before any decision to 
initiate the project is taken.

However burdensome the EIA process may appear, one fundamental 
factor (and some may argue fl aw) in the process is that an Environmental 
Statement which suggests signifi cant harm to the environment does not 
actually prevent an authority from granting its consent for the activity in 
question. While the EIA Directive expressly requires the decision-maker 
to take the fi ndings of the Environmental Statement into consideration, 
there is no overt obligation on the decision-maker to withhold consent for 
development where the negative environmental effects appear dispropor-
tionately greater than the benefi ts that the activity would bring. Equally, 
neither is there an obligation on authorities to afford particular weight to 
the views of the public – although the public has the right to be consulted 
during the process, the practical value of that right is merely procedural. 
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Nonetheless, the authority must inform the public of its ultimate decision 
as well as the reasons and considerations upon which it is based.

17.3.5 Practical considerations

A key practical consideration in relation to EIA is who should be respon-
sible for carrying out the EIA assessment and producing the Environmental 
Statement, and thus bear the costs of doing so. The EIA Directive stipulates 
that the developer is to carry out the EIA and provide the requisite infor-
mation to the authority. For the purposes of the EIA directive, the ‘devel-
oper’ is defi ned as either the person making an application for authorisation 
of a private project, or the public authority which initiates a project. 
Accordingly, the obligation to carry out the EIA lies fi rmly with the party 
initiating the project, and in the case where this is a private party, the obli-
gation on the authority is to ensure that the EIA has been properly formu-
lated. This will necessarily mean that early engagement with the process is 
essential, for both the developer and the authority, particularly so that 
detailed arrangements for public consultation can be coordinated.

However, the EIA process does not (and should not) end with the deci-
sion of the authority giving consent for the activity to proceed. Where an 
activity is deemed to be justifi ed in light of its environmental effects, the 
activity and its effects on the environment should be subject to appropriate 
supervision. This process is known as ‘monitoring’ and can be distinguished 
from the main EIA process and preparation of the Environmental Statement 
on the basis that it should continue throughout the life of the activity in 
question. The purpose of monitoring is essentially to ensure that the 
environmental effects which were identifi ed in the EIA Environmental 
Statement were correct, but also to provide authorities with suffi cient infor-
mation to enable them to decide whether enhanced measures are required 
to mitigate the environmental damage that will occur. This additional facet 
of EIA is not necessarily present in all Member States’ domestic legislation. 
In the UK, for example, a development consent granted in reliance on EIA 
will usually have conditions attached where these are seen as necessary to 
ensure that environmental impacts are no greater than predicted. However, 
the Environmental Statement does not, of itself, create an enforceable set 
of standards to be applied to the development. In a nuclear context, moni-
toring will necessarily extend beyond the life of a nuclear power plant, and 
continue throughout the decommissioning phase, with the primary purpose 
being to ensure that any hazardous or radioactive substances remaining on 
the nuclear-licensed site do not cause material harm to the natural environ-
ment. In the United Kingdom, a separate, comprehensive EIA procedure 
must be complied with before the process of dismantling or decommission-
ing a nuclear reactor can commence.
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Under the EIA Directive, EU Member States are also required to engage 
in dialogue with the European Commission for the purposes of exchanging 
information on the experience gained in applying the EIA process. The 
reasoning behind this obligation may have had something to do with the 
discretion that Member States are afforded in setting the threshold of ‘sig-
nifi cance’ in determining whether a proposed Annex II activity requires an 
EIA. This would seem to be supported by the EIA Directive, which further 
requires that Member States inform the European Commission of any 
criteria and/or thresholds adopted for Annex II projects, so as to ensure 
relative harmonisation of EIA standards across Member States. This is no 
doubt a fundamental, but secondary, requirement of the EIA Directive, 
since it does not actually establish any obligatory environmental standards 
that must be adhered to – quality control is largely a matter for individual 
Member States. Nonetheless, the European experience of EIA has shown 
that it is a valuable and successful tool in ensuring that a national planning 
system adequately addresses and adapts to environmental concerns.

17.4 Land planning for new nuclear

Although the particulars will vary considerably between jurisdictions, the 
decision to build a new nuclear plant will invariably involve a consideration 
of the anticipated environmental impacts, and whether they can be miti-
gated, or even tolerated, to a level whereby the benefi ts of the development 
will suffi ciently outweigh them. This is not a trivial consideration and history 
has demonstrated the role that environmental considerations can play in 
shaping development decisions. There are a variety of different stakehold-
ers involved that can infl uence the decision-making process in favour of the 
environment such as concerned local residents, nongovernmental organisa-
tions and the environmental and planning authorities. All of these inter-
ested groups have the potential to ensure that the environmental impacts 
of a proposed development, taking into account the information available, 
including that generated from environmental assessments, are factored into 
the decision on whether or not to proceed. These considerations will also 
have an effect on the resulting site licensing conditions if the authorities 
ultimately do provide consent for a proposed installation.

In most civil nuclear States, the planning system is employed to manage 
the process and help ensure that there has been adequate scrutiny of envi-
ronmental impacts. Environmental considerations play a pervasive role in 
the planning debate and there is therefore a need to understand its proc-
esses and the key authorities involved. Although there are common features 
which unite the legal processes of individual States, this is an area where 
they have retained considerable autonomy. There are, therefore, a number 
of permutations and no approach to draw from which will be generally 
applicable.
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For example, many of the relevant provisions that govern the nuclear 
planning regime in the US are contained in Part 51 of the United States 
Regulatory Commission’s NRC Regulations (10 CFR Part 51). In addition, 
IAEA documentation such as the Fundamental Safety Principles (IAEA, 
no. SF-1), Milestones in the Development of a National Infrastructure 
for Nuclear Power (IAEA, no. NG-G-3.1) and Stakeholder Involvement 
in Nuclear Issues (IAEA, INSAG-20) are all important starting points 
from which most civil nuclear States have developed their domestic legal 
systems. Although there is no common approach, the UK experience 
serves as an instructive model with respect to land-use planning. The 
Planning Act 2008 (PA 2008) has introduced signifi cant changes which will 
alter the content and procedure of the planning process (albeit subject to 
further change following the election of the coalition government in the 
UK in May 2010). Added to this is the considerable international interest 
in the UK market relating to its commitment to a new generation of 
nuclear power stations. There is signifi cant common ground between the 
planning system in the UK and other civil nuclear jurisdictions, and a 
general understanding of its key features will be benefi cial to a variety of 
different stakeholders.

17.4.1 Who is involved?

Planning authorities

All decisions to build new plant will require review by a competent author-
ity in the affected jurisdiction. This is recognised by the IAEA as a funda-
mental feature of nuclear law and commonly referred to as the permission 
principle. Their Handbook on Nuclear Law describes the principle in the 
following terms:

. . . this principle holds that, unless specifi cally exempted, any activity related 
to the use of nuclear material and technology should be permitted only after 
competent authorities have determined that it can be conducted in a manner 
that does not pose an unacceptable risk to public health, safety and the envi-
ronment . . . Where a nuclear related activity is deemed to pose a signifi cant 
health or safety risk, governments require that an explicit authorization 
be issued by the regulatory body following an application and review 
process . . . The national legal infrastructure in each State will determine the 
conditions and procedures applicable to such authorizations and notifi cations, 
including any limits on the regulatory body’s power to impose additional 
requirements (Stoiber et al., 2003, pp. 34–35).

Prior to 2009, the UK planning system required the consent of the 
Secretary of State for the construction of any form of power station with a 
capacity greater than 50 megawatts. This was a requirement imposed by 
Section 36 of the Electricity Act 1989. The grant of consent operated in such 
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a way that the applicant was usually deemed to have also been given plan-
ning permission (see Town and Country Planning Act 1990 (TCPA, 1990, 
section 90(2)). Although to a certain extent the discretion of the Secretary 
of State was fettered by the evidence presented (including that from EIAs 
and public inquiries) which had to be judged against set criteria, the powers 
provided were extensive.

The Section 36 consenting procedure no longer applies in the UK and it 
has been replaced by a new regime introduced by the PA 2008 (McCracken, 
2009). It was widely felt that the Section 36 regime was unsuitable for con-
senting major infrastructure projects and too time-consuming. The chal-
lenge was ‘to transform the regime for major infrastructure projects in order 
to achieve outcomes that are both faster and fairer; both more effi cient and 
more accountable; and which both ensure more timely delivery, and improve 
the ability of communities and individuals to participate in the system’ 
(Kelly, 2008, p. 2). The Infrastructure Planning Commission (IPC) was 
created to decide applications relating to ‘nationally signifi cantly infrastruc-
ture’ such as generating stations, highways, airports, railways and hazardous 
waste facilities. Within a few months of its formation, the coalition govern-
ment decided to abolish the IPC and replace it with another new body 
called the Major Planning Infrastructure Unit (MPIU) which will operate 
as a specialised branch of the Planning Inspectorate. The key reason for this 
change was that the coalition government wanted to ensure that elected 
ministers would be vested with decision-making powers rather than une-
lected IPC commissioners. At the time of publication, the legislation which 
is intended to replace the IPC has not been given effect and the IPC con-
tinues to be the relevant decision-making body in the intervening period. 
Despite the impending reform, it is expected that most of the changes 
introduced by the PA 2008 will be retained going forwards. The 50 mega-
watts threshold continues to apply to generating stations, which effectively 
means that all new nuclear power plants will have to seek development 
consent from the IPC/MPIU. Schedule 1 of the PA 2008 fl eshes out impor-
tant constitutional details of the IPC and provides the Secretary of State 
with the powers to appoint the Commissioners. The creation of a specialist 
body such as the IPC/MPIU requires the appointment of Commissioners/
Ministers with the necessary expertise to assess major development pro-
posals. Although the IPC (until it is replaced by the MPIU) is vested with 
most of the power to determine applications falling within their remit, the 
Secretary of State has retained residual powers (Sections 110–113 of the 
PA 2008) to intervene in the interests of defence or national security. 
The new planning regime in the UK shifts power from the government to 
the IPC/MPIU, but these steps towards independence have been offset by 
a suite of measures that have been introduced to ensure parliamentary 
accountability (Tromans, 2010, p. 141).
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Regulators

The regulators will have an ancillary role to play in shaping the land-use 
planning debate. The authority tasked with overall responsibility for the 
regulation of nuclear installations will generally be involved in key planning 
decisions, since they will bear most of the regulatory responsibility for 
the plant during its lifetime. In the UK, this function is performed by the 
Nuclear Directorate (ND), a specialist organisation within the Health and 
Safety Executive (HSE), responsible for setting, monitoring and enforcing 
safety and security standards on nuclear sites. There are a number of other 
regulators that will have an interest in the planning debate, such as the 
Environment Agency (EA), the Offi ce for Civil Nuclear Security, the 
Department for Transport and the coastal authorities. It is imperative for 
applicants to engage with the regulators from the outset because the IPC/
MPIU will ‘expect the applicant to have involved the relevant regulators at 
the pre-application stage so that the applicant can incorporate the regula-
tors’ requirements in proposals’ (draft Nuclear National Policy Statement 
EN-6, paragraph 3.4.4).

17.4.2 Permissions and processes required

IAEA milestones

The IAEA document entitled Milestones in the Development of a National 
Infrastructure for Nuclear Power (IAEA, no. NG-G-3.1) sets out a frame-
work of milestones in the development of a national nuclear infrastructure. 
The three core milestones are: (1) ready to make a knowledgeable commit-
ment to a nuclear programme; (2) ready to invite bids for the fi rst nuclear 
power plant; and (3) ready to commission and operate the fi rst nuclear 
power plant. The fi rst of these milestones is of paramount importance 
whether a State is deciding to embark on its fi rst nuclear power plant or, 
as in the UK, deciding to commission a new fl eet of nuclear power plants. 
If there is no desire on the part of the legislature or national authorities in 
a given State, installations will not generate enough interest to survive to 
the planning stages of a development. In the UK, after many years of indeci-
sion, milestone 1 was achieved when government energy policy, enshrined 
in legislative White Papers, made an express commitment to a new genera-
tion of nuclear plants.

National policy statements (NPS)

Part 2 of the PA 2008 empowers the Secretary of State to publish NPS, fol-
lowing Parliamentary scrutiny, in relation to specifi ed descriptions of devel-
opment. The introduction of NPS is part of the strategy to expedite planning 

�� �� �� �� ��



584 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

timeframes. By formalising government policy in advance in an overarching 
document, NPS are meant to avoid policy disputes being raised further 
down the line in respect of specifi c project applications. In November 2009, 
the UK government published a draft overarching NPS for energy (EN-1) 
and a draft NPS specifi c to nuclear power generation (EN-6) which, at the 
time of publication, are still in draft form. The consideration of environ-
mental impacts fi gures prominently in both draft NPS and certain core 
areas have been specifi cally highlighted in the context of nuclear develop-
ment such as fl ood risk, water quality and resources, coastal change and 
biodiversity and geological conservation (EN-6, p. 27). These impacts will 
need to be addressed by applicants in their environmental assessments and 
the IPC is obliged to ensure that they have been adequately factored into 
their decision-making. Another way in which environmental impacts have 
been taken into account in the draft nuclear NPS is in the siting of new 
power stations. Part 5 of the NPS identifi es 10 potentially suitable sites for 
new development. The assessment criteria included a consideration of 
certain environmental impacts, and the sites were chosen following consul-
tation with the UK environment agencies.

Planning procedure

Consultation

This will be an important feature of most land-use planning systems and 
provides interested parties with the opportunity to infl uence the outcome 
of planning decisions. Part 5 of the PA 2008 has fundamentally reformed 
the way in which the UK approaches consultation and imposes a substantial 
burden on applicants to consult with affected communities and the local 
authorities. The onus is on applicants to be satisfi ed that they have dis-
charged their consultation obligations at the pre-application stage. This is a 
measure which was introduced to improve the effi ciency of the planning 
system, and it is hoped that front-loading the consultation exercise will 
enable problems, including local environmental impacts, to be identifi ed at 
an earlier stage in the process. Applicants are required to take account of 
the responses to consultation when deciding whether to proceed with a 
given project, and the IPC/MPIU will eventually be provided with a copy 
of a consultation report detailing what has been done to consult, any rel-
evant responses and how they have been accounted for. Section 55(4) of 
the PA 2008 obliges the IPC to have regard to the report when making their 
decisions.

The application

Regulation 5 of the Infrastructure Planning (Applications: Prescribed 
Forms and Procedure) Regulations 2009 prescribes the various documents 
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and information that must accompany applications for orders granting 
development consent. Signifi cantly, this includes the production of an envi-
ronmental statement (and any relevant scoping and screening opinions) 
pursuant to the Infrastructure (Environmental Impact Assessment) 
Regulations 2009. The IPC/MPIU is compelled by Regulation 3(2) and (3) 
not to grant development consent unless it has fi rst taken the environmental 
information into consideration and stated in its decision that it has done so. 
The requirement to furnish an environmental statement with the applica-
tion obliges applicants to advertise and consult on the environmental state-
ment at the pre-application stage in conjunction with their general consulting 
obligations. In a similar vein, Part 51 of the United States Regulatory 
Commission’s NRC Regulations (10 CFR Part 51) also prescribes detailed 
information on the requirements and content of environmental impact 
assessments for US new build.

Section 55(2) of the PA 2008 requires the IPC/MPIU to decide whether 
or not to accept applications for further examination within 28 days of their 
receipt. Once accepted, the IPC/MPIU must invite affected local authorities 
to submit local impact reports detailing the likely impact of the proposed 
development on the authority’s area. This is another opportunity for the 
environmental impacts to be considered and local issues adequately 
addressed. As Tromans notes (2010, p. 145), ‘there will be an important 
relationship to be worked out between the local impact report and the 
environmental statement produced by . . . the applicant. The impact report 
may present a quite different perspective on what are regarded as likely 
and signifi cant impacts’.

Examination and decision

The examination process is not intended to take more than six months, and 
Section 88 of the PA 2008 requires the examining authority of the IPC/
MPIU, after an initial assessment of the issues, to meet with the applicant 
and each other interested party to allow them to make representations 
about how the application should be examined. Written representations will 
be the norm, and this marks a big change from the previous regime under 
Section 36 of the Electricity Act 1989 (or its predecessors) which was char-
acterised by potentially long and expensive public inquiries (e.g. the Sizewell 
B inquiry which lasted for 340 days). Cross-examination under the new 
system will play a more limited role, although interested parties do have 
the opportunity to make representations in open-fl oor hearings. The IPC 
does, however, have considerable powers to control the content and proce-
dure of these hearings.

Unless extended by the Chair of the IPC/MPIU or the Secretary of State, 
the decision must be made within three months of the completion of the 
examination stage. The application must be decided in accordance with the 
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nuclear-specifi c NPS, unless one of fi ve exemptions applies, including where 
the panel is satisfi ed that the adverse impact of the proposed development 
would outweigh its benefi ts. Decisions must be supported by a statement 
of reasons and, if granted, the IPC/MPIU can impose conditions in the 
order granting development consent.

17.4.3 Key considerations

Challenge

The legal systems of most jurisdictions will provide mechanisms for the 
challenging of planning decisions because they are an important constitu-
tional feature of a developed legal system in a democratic State. In the UK, 
such decisions are challengeable by judicial review proceedings in the High 
Court and the PA 2008 requires them to be initiated within six weeks of 
the publication of the reasons for the decision. The court will intervene only 
in limited circumstances if the planning decision is illegal or unreasonable 
or if there has been procedural unfairness. Planning decisions can be 
challenged by parties with suffi cient standing, which includes many oppo-
nents of nuclear power and also unsuccessful applicants. The long history 
of environmental opposition to nuclear power from NGOs makes the pros-
pects of legal challenge likely and promoters will need to plan for this 
possibility.

Community benefi t

The planning systems of most States will provide some form of community 
benefi t mechanism whereby promoters can suggest (or be required to 
provide) social benefi ts to the communities that will be affected by the 
siting of the nuclear installation. The Finnish experience is instructive and 
their system of community benefi ts played a key role in helping to over-
come public opposition to the Onkala geological disposal waste repository. 
Like other jurisdictions, UK planning law allows applicants to enter into 
binding agreements with local communities to provide benefi ts in recogni-
tion of the burden that they shoulder on behalf of wider regional and 
national interests. Community benefi ts are increasingly viewed as an inte-
gral part of the public engagement process. Applicants will need to consider 
their provision at an early stage. These funding commitments also existed 
under the old consenting regime as well. Whilst the discretion to offer such 
benefi ts is wide, the ability of local authorities to demand such arrange-
ments is narrower. Government guidance (paragraph B5 of Circular 
05/2005) sets out a number of tests which must be met before planning 
obligations can be required by local authorities and provides that they ‘must 
be relevant to planning; necessary to make the proposed development 
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acceptable in planning terms; directly related to the proposed development; 
fairly and reasonably related in scale and kind to the proposed develop-
ment; and reasonable in all other respects’. Although these obligations 
operate vis-à-vis local authorities, they will no doubt be an important infl u-
ence on IPC decision-making.

Key environmental impacts within the nuclear context

The draft nuclear NPS identifi es certain nuclear-specifi c environmental 
impacts which will need to be appropriately addressed in the EIAs which 
will accompany applications.

Water quality and resources

The construction of a nuclear power plant can adversely affect the water 
quality and resources in the area through increased demand, the thermal 
impact of cooling water discharges and the disruption of designated habitats 
of ecological importance. Where these impacts are likely, applicants will 
need to ensure that their EIA identifi es the existing levels of water quality, 
discharges and abstraction within the area, and the cumulative effect 
when considered with other industrial sites or projects existing or planned. 
Applicants are also required to set out the characteristics of cooling water 
for new nuclear power stations and the implications on marine and estua-
rine environments, and will be expected to mitigate the hydrologic impacts 
of their activities.

Coastal change and marine impact

The requirement in the UK to site nuclear power stations in coastal loca-
tions can have an environmental impact on marine processes. Paragraph 
4.4.1 of the draft NPS recognises this and provides that ‘the development 
and construction of new coastal and fl uvial defences and possible marine 
landing jetties/docks could affect coastal processes, hydrodynamics and 
sediment transport processes at coastal and estuarine sites. These impacts 
could lead to localised or more widespread coastal erosion or accretion. 
There could also be changes to offshore features such as submerged banks 
and ridges and marine ecology.’ Applicants will be expected to identify, and 
develop, appropriate mitigation measures to address the impacts on marine 
biodiversity and coastal geomorphology in their EIA.

Biodiversity and geological conservation

The potential impact of nuclear development on local ecology is well docu-
mented. The draft NPS sets out some common risks for biodiversity such 
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as habitat/species loss and fragmentation, disturbance events (noise, light 
and visual) and air quality concerns. Applicants should develop an environ-
mental management plan as part of their EIA. This will be an important 
aspect of demonstrating to the IPC that mitigation has been adequately 
factored into the application.

17.5 Key controls on environmental impacts

The environmental radiation risks associated with nuclear power genera-
tion have received a considerable amount of attention, and this is to some 
extent understandable given the occurrence of high-profi le incidents such 
as Chernobyl and the damage caused by the tsunami at the Fukushima 
plant in Japan. The strong public opposition to nuclear power is often 
founded on environmental concerns associated with these rare occurrences, 
which overlooks the day-to-day threat posed in the construction, operation 
and decommissioning of plant. From water abstraction and discharges to 
industrial emissions and contamination to land, there are a host of different 
environmental impacts which will need to be tightly controlled. This is an 
area where the boundaries of regulation can converge, and which, in turn, 
requires the coordination of the activities of the authorities involved. 
The pervasive nature of environmental regulation in the lifecycle of a 
nuclear power plant (including at the design and planning stages) should 
not be understated, and it is therefore a subject which requires further 
consideration.

Environmental regulators

The body that is responsible for regulating environmental impacts, and its 
interaction with the body with overall responsibility for nuclear safety, is an 
important element of a developed nuclear institutional framework. The 
bodies charged with primary responsibility for regulating environmental 
impacts in the UK are the Environment Agency (EA) in England and Wales 
and the Scottish Environment Protection Agency in Scotland. Under the 
Environmental Act 1995 (their general duties and functions are set out in 
Sections 4–8), the EA is vested with primary responsibility, in relation to 
specifi ed legislation (see Section 5(5)), including the Radioactive Substances 
Act 1993 (RSA 1993), Water Resources Act 1991 (WRA 1991) and the 
Environmental Permitting (England and Wales) Regulations 2010 (the 
‘Permitting Regulations 2010’), to use their powers ‘for the purpose of 
preventing or minimising, or remedying or mitigating the effects of, pollu-
tion of the environment’ (Section 5(1)). The operators of nuclear power 
plants will require a variety of different environmental permits from the 
EA, and the EA will monitor their activities (and impose reporting require-
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ments) to ensure that they are complying with their permit conditions. The 
legislation empowers the EA to ensure compliance by providing them with 
the power to bring enforcement actions (see Part 4 of the Permitting 
Regulations 2010) against non-compliant operators, and to bring a halt to 
site operations by the revocation of permits where there have been serious 
or serial breaches (see Annex 1 of the EA’s ‘Submission to DTI – Pre-
Licensing Assessments of New Nuclear Power Stations’ for a general over-
view of the EA’s regulatory responsibilities in relation to nuclear power).

Environmental regulation

Discharges and impacts to water

The environmental impacts caused by discharges, abstraction and the 
cooling water requirements of nuclear plant will require tight control by 
the environmental authorities. In the UK, operators will need to comply 
with the requirements of the WRA 1991. Part 2 of the WRA 1991 estab-
lishes a licensing regime for the abstraction and impounding of water and 
requires operators to apply for, and comply with, the terms of the licence, 
or face the consequences of a potentially unlimited fi ne. Part 3 enables the 
EA to control the pollution of water sources, and Section 84 imposes 
general duties on them to achieve and maintain water quality objectives 
established by the Department for Environment, Food and Rural Affairs. 
The core offence for water pollution is set out under the Environmental 
Permitting (England and Wales) Regulations 2010, and an operator will be 
in breach if he causes or knowingly permits any poisonous, noxious or pol-
luting matter or any waste matter or trade effl uent to enter any controlled 
waters otherwise than in accordance with an environmental permit. 
Operators will need to ensure that they have the requisite authorisations 
in place for their operations and that they have designed their environmen-
tal management systems so that they can monitor compliance with their 
discharge obligations. Sections 161 to 161D of the WRA 1991 give the EA 
powers to take action (including the power to issue works notices) to 
prevent or remedy the pollution of controlled waters. The water pollution 
offences are based on principles of strict liability (subject to the defence in 
Seciton 40 of the Environmental Permitting Regulations 2010 for discharges 
made in emergencies in order to avoid danger to life or health), which 
means that liability can be established in the absence of fault on the part 
of the operator. Liability has even been imposed where the acts leading to 
the contravention have been caused by third parties (e.g. vandalism) or 
natural events (see Empress Car Co. (Abertillery) Ltd v National Rivers 
Authority [1998]). As with a breach of the abstraction and impounding 
regime, there is no limit on the level of fi ne which may be imposed.
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Discharges and impacts to air

Even though the environmental impacts to the atmosphere will be rela-
tively minor in comparison to fossil fuel-based power generation, the atmo-
spheric impact caused by incidental plant such as auxiliary boilers (e.g. for 
steam generation), back-up power generation facilities and incinerators 
used to dispose of combustible radioactive waste will need to be tightly 
controlled. In the UK, these installations are regulated by the EA under 
the Permitting Regulations 2010. These Regulations transpose the require-
ments imposed on EU Member States in the Integrated Pollution Prevention 
and Control (IPPC) Directive (Directive 2008/1/EC). The EA is required 
to exercise its functions ‘for the purpose of achieving a high level of protec-
tion for the environment taken as a whole by, in particular, preventing or, 
where that is not practicable, reducing emissions into the air’ (paragraph 3 
of Schedules 7 and 8). Operators must ensure that their application for an 
environmental permit contains the information specifi ed in Article 6(1) of 
the IPPC Directive which includes a description of:

(a) the sources of emissions from the installation;
(b) the nature and quantities of foreseeable emissions from the installa-

tion into each medium as well as identifi cation of signifi cant effects of 
the emissions on the environment;

(c) the proposed technology and other techniques for preventing or, 
where this is not possible, reducing emissions from the installation;

(d) measures planned to monitor emissions into the environment; and
(e) the main alternatives, if any, studied by the applicant in outline.

The EA will expect operators to design their plant in accordance with best 
available techniques and, as with other environmental permits under the 
Permitting Regulations 2010, will impose conditions that limit or control 
environmental impacts by requiring the achievement of specifi ed environ-
mental outcomes. Failure to achieve these outcomes may result in enforce-
ment action under Part 4. For more serious breaches, the EA has the power 
to suspend and revoke permits, and to bring enforcement proceedings 
against companies and their negligent offi cers (which includes the possibil-
ity of up to two years’ imprisonment).

Discharges and impacts to land: radioactive contaminated land

The contaminated land regime, introduced by Part 2A of the Environmental 
Protection Act 1990 (EPA 1990; see also the Contaminated Land Regulations 
2006), was extended (with modifi cation) to cover radioactive contaminated 
land by the Radioactive Contaminated Land (Enabling Powers) Regulations 
2005 and the Radioactive Contaminated Land (Modifi cation of Enactments) 
Regulations 2006 and 2007. In combination, they provide a regulatory 
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system for identifying and requiring the remediation of contaminated land 
adjacent to nuclear sites where such land is causing lasting radiation expo-
sure to any person, or where there is a signifi cant possibility of such expo-
sure. Extending the regime to cover radioactivity was necessary to ensure 
that the UK complied with its obligations to transpose Articles 48 and 53 
of the Basic Safety Standards Directive (Directive 96/29 Euratom). The 
identifi cation of contaminated land is based upon establishing a pollution 
linkage from a contaminant, through a pathway to a receptor. In the case 
of radioactive contaminated land, the receptor vulnerable to harm must be 
a human. The regime is based on the ‘polluter pays’ principle, unless the 
polluter cannot be found, in which case liability for remediation will shift 
to the owner or occupier of land (Section 78F of the EPA 1990). Determining 
responsibility may become an important issue where historic nuclear sites 
are being used for the commissioning of new plant.

Although the primary regulatory responsibility for contaminated land 
under Part 2A rests with local authorities, the EA is the enforcing authority 
where land is characterised as a ‘special site’ by virtue of radioactivity. A 
risk-based approach to remediation will be applied having regard to the 
anticipated costs and the seriousness of the risks or harm, and the enforcing 
authority is obliged to consider the contaminated land regime guidance 
document issued by the Secretary of State. The potential costs of contami-
nated land remediation could be extremely high, and a failure to comply 
with the terms of a remediation notice may result in the imposition of a 
fi ne, including the possibility of a daily fi ne for continued non-compliance 
(Section 78M). The enforcing authorities are also empowered to carry out 
the remediation themselves (Section 78BN) and to recover their reasonable 
costs from the party deemed responsible (Section 78P).

Waste licensing

Any disposal of non-radioactive waste (including excavation materials 
arising from construction) on a nuclear site will require an environmental 
permit issued by the EA under the Permitting Regulations 2010 and Part 
2 of the EPA 1990 (see Section 33(1)(a)). Operators are prohibited from 
treating, keeping or disposing of controlled waste or extractive waste in a 
manner likely to cause pollution of the environmental or harm to human 
health. A duty of care is imposed on those in possession of waste requiring 
them to take all reasonable measures to, among other things, prevent the 
escape of waste from their control and secure that waste is only transferred 
to authorised persons. Like the other environmental permits issued under 
the Permitting Regulations 2010, the EA will be able to control the waste 
disposals through the conditions imposed, and to take enforcement action 
under Part 4.
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Radioactive waste disposals

Recognising the unique and hazardous characteristics of nuclear waste, the 
UK operates a separate regulatory regime which is much more stringent 
than in other areas of environmental regulation. The accumulation and 
disposal of radioactive waste requires an authorisation granted by the EA 
under the Radioactive Substances Act 1993 (RSA 1993). A disposal includes 
those directly into the environment, for example discharges to air, water 
and land, as well as transfers to other sites for disposal (which includes 
treatment). The EA is obliged to consult with a number of bodies before 
granting an authorisation, including the HSE and ‘such local authorities, 
relevant water bodies or other public or local authorities as appear . . . to 
be proper to be consulted’ (Section 16(5); see also Section 18). Under the 
RSA 1993, the Secretary of State has retained key powers and can direct 
the EA to grant (with or without conditions), refuse, vary, cancel or revoke 
applications, and can require certain applications to be determined by him 
or her. The RSA 1993 regime offers different levels of regulatory control, 
from local authorities through to the Secretary of State, to ensure that 
environmental impacts are adequately refl ected in radioactive waste man-
agement decisions. In order to ensure compliance, the EA has the power 
to issue enforcement and prohibition notices, and operators in breach of 
their authorisations could face an unlimited fi ne. There is also the possibility 
of up to fi ve years’ imprisonment where it can be proved that an offence 
has been committed, with the consent, or by the neglect, of an offi cer of a 
corporate body.

17.6 Overlap with other regulatory controls

An effective regulatory system will need to be able to coordinate the activi-
ties of the different authorities. It will be important to clearly demarcate 
their competences in order to reduce areas of overlap, and to design systems 
which encourage cooperation between regulators when necessary. In the 
UK, there is a split between health and safety controls, which are adminis-
tered through site licences regulated by the HSE (ND) under the Nuclear 
Installations Act 1965 and the Ionising Radiations Regulations 1999, and 
environmental controls, which are predominantly overseen by the EA. In 
order to ‘avoid duplication of effort and potentially confl icting demands as 
between radioactive substances regulations and those matters for which 
HSE is responsible’ (Tromans, 2010, p. 295), the EA and the HSE entered 
into a Memorandum of Understanding in 2002 with the objectives (para-
graph 6) of facilitating effective and consistent regulation by ensuring that:

(i) activities of EA and HSE in relation to nuclear licensed sites are 
consistent, coordinated and comprehensive;
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(ii) the possibility of confl icting requirements being placed on licensees, 
or others operating on nuclear sites . . . is avoided;

(iii) synergies are exploited and the appropriate balance of precautions is 
attained;

(iv) duplication of activity is minimised; and
(v) public confi dence in the regulatory system is maintained.

The Schedule to the Memorandum sets out the joint working arrangements 
between the EA and the HSE, in an effort to provide clarity to both the 
regulators and the regulated. There are various other interfaces of regula-
tory control (e.g. safety and security, transport) which will need to be care-
fully considered in the context of nuclear plant, and a similar level of 
coordination will be required.

17.7 Conclusions

As the European Commission has recently identifi ed, one of the objections 
to SEA and EIA is that their benefi ts cannot be easily measured in fi nancial 
or monetary terms. Nonetheless, there are a great number of benefi ts that 
arise from the SEA and EIA, and the benefi ts of carrying out the processes 
should be seen to outweigh the fi nancial implications of preparing the 
assessment documentation. EIA and SEA bring benefi ts to any regulatory 
system which aims to establish harmonisation between the planning process 
and environmental integrity. This is fundamental in the context of nuclear 
energy as these considerations will be crucial in ensuring that energy policy 
is met with a degree of public approval. Not only do SEA and EIA ensure 
that environmental considerations are taken into account as early as pos-
sible in the decision-making process, they are ensure ‘more transparency 
in environmental decision-making and, consequently, social acceptance’ 
(European Commission, 2009, paragraph 2.4).

It will be equally important to consider how the planning and regulatory 
processes can be used to assess and control environmental impacts. 
Environmental considerations play a pervasive role in both processes, and 
will need to be carefully controlled. Planning systems should be designed 
so that the environmental risks can be suffi ciently scrutinised. States will 
need to develop legal systems which adequately refl ect the intended balance 
of powers, and which provide the government with residual infl uence and 
control over certain key decisions. The regulatory system will need to be 
reinforced by a sanctioning regime which is stringent enough to compel 
compliance. Although the UK approach is instructive, other jurisdictions 
will ultimately need to determine for themselves what role the environment 
will play in shaping the future of nuclear power generation. The various 
examples of other established civil nuclear states, multinational regulations 
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and practices, international conventions and IAEA standards are also valu-
able sources for emerging civil nuclear states.

17.8 Future trends

In April 2010, the European Union Committee of the Regions published 
an Opinion entitled ‘Improving the EIA and SEA Directives’ (European 
Union Committee of the Regions, 2010). Besides affi rming the importance 
of the SEA Directive and EIA Directive as tools in environmental protec-
tion, the Committee recognised that certain gaps remain in ensuring that 
the processes realise their objectives. Perhaps unsurprisingly, one of the 
main proposals of the Committee is that the EIA Directive should be 
amended so as to incorporate thresholds, criteria or triggers for the pur-
poses of determining the signifi cance of environmental impacts caused by 
Annex II activities. The Committee highlights the fact that certain Member 
States, when implementing the EIA Directive, have been shown to exceed 
their powers of discretion by only taking account of certain Annex III selec-
tion criteria or by completely exempting certain types of project in advance. 
The Committee also makes recommendations that the assessment of alter-
native solutions should be made obligatory, and that gaps in public partici-
pation procedures should be addressed by giving the public early and 
effective opportunities to participate from the earliest possible point. The 
Committee makes few concrete recommendations in relation to the SEA 
Directive, principally by virtue of the fact that further experience in apply-
ing the SEA Directive is required. However, certain issues are identifi ed, 
notably that a specifi c defi nition of reasonable alternatives on a mandatory 
basis should be developed, that it should be made obligatory to establish 
methods and indicators of monitoring environmental impacts, and that the 
SEA Directive should better identify what information the Environmental 
Report should contain.

The coalition government in the UK has decided to abolish the IPC and 
replace it with the MPIU, but decisions will still be taken in accordance with 
NPSs. The UK remains committed to new nuclear power despite the serious 
events which occurred at the Fukushima nuclear plant in Japan. With a 
number of major new build planning applications in the pipeline, it will be 
interesting to assess how the UK balances environmental impacts with 
other factors such as energy security and climate change. There will no 
doubt be considerable environmental opposition, and any favourable deci-
sions will be potentially subject to legal challenge.
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18
Site selection and evaluation for nuclear 

power plants (NPPs)

A. ALONSO, Universidad Politécnica de Madrid, Spain

Abstract: This chapter describes the technical requirements to be 
considered in the selection of a site for a nuclear power plant. The 
design and operation of the nuclear power plant depend on the site 
characteristics; the site-derived risks have to be considered in the plant 
design basis, and the site itself has to bear the risks and detriments 
coming from the plant. The design has to cope with expected extreme 
natural phenomena and combinations of those, as well as human-
induced events, without impairing the operational safety of the plant. 
The site has to provide needed requirements such as rejected and decay 
heat sinks, availability of electrical power supplies, good communications 
and effective emergency management, including the evacuation of 
nearby residents.

Key words: site evaluation, site seismicity, extreme meteorology, ultimate 
heat sink, population density, site parameters, human-induced events.

18.1 Introduction

Site selection for nuclear power plants (NPP) requires the analysis of a set 
of diverse parameters which are divided into the following fi ve groups:

• Conventional industrial factors
• Site-related hazards that determine the safety of the plant
• Physical circumstances that determine the radiological impact of the 

plant under normal operation and accident conditions
• Parameters that determine the physical impacts from the plant into the 

site
• Conditions that determine the social and economic impacts from the 

plant on the local population.

Among the conventional industrial factors the economic, local and techno-
logical related ones are relevant. Economic factors require one to prove the 
need for the plant, the convenience of the selected site and the proximity 
of an electricity market. Local parameters such as accessibility, heavy equip-
ment transportability and availability of human resources, mainly during 
the construction phase, become signifi cant. Technological parameters 
demand the accessibility to an ultimate heat sink, the atmosphere or a large 
water body, a redundant electrical net and availability of construction 

�� �� �� �� ��



600 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

materials. These conventional factors, although relevant, for NPP site selec-
tion are not developed further. Some of these elements are considered in 
the chapter on site and supporting facilities in the IAEA ‘Milestones’ docu-
ment (IAEA, 2007a).

Site characteristics which may impact plant safety are essential in the safe 
design of the NPP. Extreme meteorological conditions, such as hurricanes, 
tornadoes and heavy rain, hail or snow falls and lightning may produce 
fl oods and impair plant accessibility; fl oods can also be produced by large 
tides in combination with heavy rain in estuarine waters or by rupture of 
up-river dams; earthquakes and the ensuing tsunamis may produce damage 
to buildings and external facilities as well as violent fl oods in coastal sites. 
All these events require buildings, water intake structures, external water 
tanks, electrical grids and electrical transformers to be protected by design. 
These aspects will be considered in depth.

Man-made external activities offer risks to the safety of the plant. Large 
explosions and toxic releases in the vicinity of the plant produced, for 
example, in the transportation of liquefi ed natural gas or other explosives 
or gaseous toxic substances by road, rail or waterways have to be avoided 
and the consequences to the plant mitigated by design. Proximity to har-
bours, airports and military installations should also be avoided as they 
represent a risk to the safety of the NPP. These hazards are also considered 
in detail.

Extreme natural events, such as the impact of large meteorites, massive 
volcanic activity or pandemics are not generally considered. There should 
also be protection against sabotage, but this matter is not considered in this 
chapter, as it is not site dependent and it is generally prevented by security 
measures.

The NPP creates risks and detriments to the surrounding population and 
the environment that have to be previously analysed. The impact of radioac-
tive releases during normal operation requires meteorological and hydro-
logical dispersion parameters. The transport of contaminants along the 
terrestrial and aquatic food chain pathways needs to be considered. 
Demographic parameters are needed to assess the potential doses that dif-
ferent population groups may receive and the performance of epidemio-
logical studies to determine any potential radiation effects. These risks and 
detriments are considered.

A major consideration is the protection of the population in case of 
accidents with radiological effects. The site conditions should facilitate the 
evacuation of the affected population, the establishment of decontamina-
tion and receiving centres and the medical treatment of potential exposures. 
Population distribution, communication and evacuation routes are relevant 
aspects of site evaluation. The site requirements for an effective nuclear 
emergency plan are emphasized.
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Most countries have regulated that any major industry or activity has to 
analyse the environmental impact it may produce. A major environmental 
impact of the NPP is due to the rejection of heat required by the second 
law of thermodynamics. The thermal effi ciency of NPPs is about one-third, 
therefore two-thirds of the heat generated has to be rejected to an ultimate 
heat sink, which could be the atmosphere through different types of cooling 
towers, or large water bodies such as big rivers, natural or artifi cial lakes, or 
the sea in coastal sites. Cooling towers release large amounts of steam to 
the atmosphere with minor meteorological impacts on the surroundings, 
and heat rejected to water bodies, causing even small temperature increases, 
may produce substantial variations in the life and development of aquatic 
organisms. NPPs also produce chemical impacts, mainly in water bodies; 
production and releases of conventional waste; an increase in light and 
heavy traffi c, mainly during construction; and a substantial aesthetic impact, 
mainly if using large cooling towers. These impacts are not considered in 
detail in this chapter. Such aspects are described in Chapter 8.

All the effects named above require specifi c studies and consideration. 
In this chapter safety parameters will receive more attention. The basic 
scientifi c basis will be exposed and references to applicable International 
Atomic Energy Agency (IAEA) standards will be introduced to serve as 
additional information.

18.2 Schematic approach to site selection

The selection of any new site for a large industrial installation requires a 
systematic approach, as described in Fig. 18.1. First of all, a whole country 
or a region of it is selected based on economic considerations, proximity to 
an electricity market and social demands, such as the convenience of boos-
tering the development of a particular region.

Within the region, selection of one or more zones will have to be deter-
mined by a general analysis of some basic parameters. At this fi rst stage, 
the availability of cooling water is the most restrictive technological require-
ment; generally the areas of interest are limited to rivers, lakes or coastal 
sites. Artifi cial lakes could also be built on smaller tributaries and the use 
of cooling towers may open more possibilities, although the proximity to a 
large body of water is always recommended.

An analysis of the geology of the region originally selected will determine 
which areas must be discarded because of high seismicity or for other 
reasons; the meteorology of the region will determine the hazards associ-
ated with extreme meteorological events; zones that are densely populated 
or near large population centres (over 25,000 residents) will also be dis-
carded as it would be diffi cult to establish effi cient emergency procedures; 
and sites close to large industrialized areas or areas with high agricultural 
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or ecological value should also be dismissed. The systematic approach of all 
these criteria will divide the region in question into zones or areas in which 
NPPs may be situated. At this time, a gradation of the areas found could 
also be established. Countries have evaluated the maximum nuclear capac-
ity which could be installed along a given river, large lake or coastal region.

The zone or zones of interest are then studied in depth to determine the 
optimum sites where the plant or plants could be built. Two types of studies 
are conducted; on the one hand, detailed economic, geological, hydrological, 
meteorological and social and demographic studies will determine some 
basic plant design parameters, while on the other hand the plant or plants 
to be constructed will determine some basic requirements from the site, 
mainly related to the ultimate heat sink, redundant electrical power supply, 
the need to have an effi cient emergency management system, the release 
of radionuclides during normal operation and accident conditions, the man-
agement of radioactive waste, and the size and geometries of the buildings 
to be erected.

The initially separated studies described above are later subjected to a 
compatibility study between the plant and the site, covering all types of 
parameters which constitute the basis for the selection. The site information 
gathered and the compatibility of the site and the selected technology or 
technologies will constitute the basis for requesting the site approval from 
the Regulatory Body in accordance with the regulations of the country.

In the past, governmental institutions and large utilities, under their areas 
of infl uence, have conducted studies to determine the best locations for 
building nuclear power plants and fuel cycle installations. For new entrants 
the development of such a bank of potential sites is highly recommended. 
The current social opposition to nuclear power makes it diffi cult to fi nd new 
sites for nuclear power plants and related facilities.

18.3 Basic safety principles applicable to nuclear 

power plant (NPP) siting

INSAG has established four specifi c safety principles applicable to the 
siting of a NPP. They address the following issues: the external factors affect-
ing the plant; the radiological impact on the public and the local environ-
ment; the feasibility of emergency plans; and the ultimate heat sink provision 
(INSAG, 1999).

The principle for the external factors affecting the plant is formulated as 
follows:

Principle 1: The choice of site takes into account the results of the investigation 
of local factors that could adversely affect the safety of the plant.

This principle recommends the identifi cation of local factors which must be 
considered in the design of the plant. They are generally classifi ed into two 
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groups: natural events and those created by human activities. Among the 
fi rst, the characterization of seismic events and geological, hydrological and 
meteorological extreme disturbances are the most relevant. Among the 
second, contaminations, explosions and defl agrations of fl ammable and 
toxic gas releases in the proximity of the plant are the major concerns. The 
studies are aimed at evaluating the expected frequency of these natural 
phenomena and human-induced acts as a function of their magnitude. The 
designers need the magnitudes and characteristic parameters of all these 
natural and human-induced events to be sure that they will be properly 
included in the design basis in such a way that the plant will cope with the 
phenomena under consideration.

The principle concerning the plant’s radiological impact on the public 
and the local environment is presented as follows:

Principle 2: Sites are investigated from the standpoint of the radiological impact 
of the plant in normal operation and in accident conditions.

The analysis of the radiological impact on the surrounding population and 
the environment requires the analysis of the vectors causing the dispersion 
of radioactive nuclides, i.e. the wind and the water, the use of the land and 
water bodies, the food chain pathways, population distribution and habits. 
All these studies will serve to limit the radioactive releases to air and water 
in such a way that the safety objectives are fulfi lled in normal operation 
and countermeasures introduced into the design basis to limit the conse-
quences from accidental releases of radioactive nuclides.

The principle on the feasibility of the emergency plans is offered in the 
following way:

Principle 3: The site selected for a nuclear power plant is compatible with the 
off-site countermeasures that may be necessary to limit the effects of accidental 
releases of radioactive substances, and is expected to remain compatible with 
such measures.

The emergency plan is considered the last barrier available to protect 
people against the harmful effects of radiation coming from the liberated 
radionuclides. It demands a substantial national administrative and techni-
cal infrastructure which is refl ected in the corresponding emergency plan. 
The site characteristics require that there should be an effi cient way of 
communicating the situation to the affected people. Among the emergency 
procedures, in order of increasing importance, it will be necessary to remain 
indoors, ingest potassium iodide to protect the thyroid, and evacuate people 
to safer places. Among the long-term measures it is necessary to monitor 
water and food, to confi scate crops and other products and to establish a 
decontamination programme. Large population densities, intensive indus-
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trial and agricultural development, complicated topography and lack of 
evacuation routes are impediments to an effi cient emergency plan.

The principle on the ultimate heat sink provisions is defi ned as given 
below:

Principle 4: The site selected for a nuclear power plant has a reliable long-term 
sink that can remove energy generated in the plant after shutdown, both imme-
diately after shutdown and over the longer term.

The generation of residual energy after reactor shutdown due to the disin-
tegration of the radioactive fi ssion and activation products, the so-called 
decay heat, is a specifi c property of nuclear power. The impossibility of 
removing such energy causes the heating up of the core, the loss of fuel 
integrity and its potential meltdown and the release of radionuclides. 
Therefore the availability of an ultimate heat sink is an unavoidable require-
ment. This ultimate heat sink could be the same as the sink receiving the 
heat rejected from the thermodynamic circuit, but under accidental condi-
tions the decay heat can be released to the atmosphere providing that such 
systems will withstand all foreseeable extreme circumstances.

18.4 International Atomic Energy Agency (IAEA) 

requirements and safety guides on nuclear power 

plant siting

The IAEA has provided a complete and satisfactory set of requirements 
and safety guides on NPP siting through its safety standards series. The 
safety requirements document (IAEA, 2003a) includes a list of general 
requirements, a list of specifi c site requirements for evaluating the effects 
of external events on the plant safety, and the potential effects of the plant 
on the site and its surroundings.

18.4.1 General requirements

General requirements are based on the four principles described in Section 
18.2. The principle concerning external factors affecting the plant obliges 
the applicant to investigate all possible natural phenomena and human-
induced situations which may constitute a hazard to safe operation of the 
future NPP. For natural phenomena such studies require the analyses of 
prehistoric, historical and currently instrumented information and records 
related to the phenomena under study. For human-induced situations, they 
are of use in evaluating the hazards associated with hazardous industries 
and activities, such as the transport of explosive, fl ammable and toxic mate-
rials, around the site under consideration and their foreseeable develop-
ment with time.
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The principle concerning the radiological impact on the public and the 
local environment requires the investigation of all potential radiological 
impacts on people and the environment that may be produced from the 
expected release of radioactive nuclides during normal operation and acci-
dent conditions.

The principle concerning the feasibility of emergency plans requires the 
evaluation of the present and future distribution of the population in the 
region of interest, the present and foreseeable future uses of land and water 
and the radiological risks that the affected population may support in case 
of accident. It is also necessary to evaluate which site characteristics or 
concurrent natural phenomena may occur that may hinder the effi ciency of 
the already established emergency plan. The Fukushima event has clearly 
demonstrated how the major emergency situation created by the earth-
quake and resulting tsunami created a nuclear emergency inside a previous, 
much larger, naturally induced emergency.

The principle related to the ultimate heat sink provision requires the 
identifi cation of the pathways internal to the plant by which decay heat can 
be transferred to the environment under heavily deteriorated conditions. 
Damping such decay heat to the atmosphere is recommended provided that 
such releases do not involve the concurrent release of radioactive nuclides.

18.4.2 Specifi c site requirements for external events

The IAEA requirements document divides external events into six major 
groups:

• Earthquakes and surface faulting
• Meteorological events
• Flooding
• Geotechnical hazards
• External human-induced events
• Other important considerations.

Earthquakes and surface faulting

The requirements clearly indicate that ‘the hazards associated with earth-
quakes shall be determined by means of seismotectonic evaluation of the 
region with the use of the greatest possible extent of the information col-
lected’, while the selected site requires an analysis of the fault capability 
existing there.

The earthquake and surface faulting requirements have been extended 
into several safety guides; there is a dedicated safety guide on seismic 
hazards on site evaluation (IAEA, 2010), where details on how a regional 
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seismotectonic model and local surface faulting can be developed and how 
to quantify the seismic hazard by using deterministic and probabilistic 
approaches. These data serve to defi ne the operating basis earthquake 
(OBE) and the safe shutdown earthquake (SSE) which constitute the basis 
of the plant’s seismic design.

Meteorological events

The requirements divide the meteorological events into two major groups: 
extreme meteorological phenomena and rare meteorological events. The 
extreme values of phenomena such as wind velocity, precipitation, snow 
packs, temperatures, seawater levels and storm surges should be measured 
to determine the design criteria for the affected structures and components. 
When using the probabilistic approach the probability of such values being 
exceeded should be given together with the associated uncertainties.

Rare meteorological events include lightning, tornadoes and tropical 
cyclones. The hazards associated with the above phenomena should include 
the expected frequency of occurrence and the expected maximum values 
of each phenomenon’s defi ning parameters: maximum rotational wind 
speed, pressure differences and rate of change of pressure for tornadoes, 
and wind speed pressure and precipitation for tropical cyclones. In both 
cases, missiles with potential to harm the plant generated by the phenom-
enon itself should also be contemplated.

An IAEA safety guide on meteorological events in site evaluation 
(IAEA, 2003b) describes how data should be collected from extreme mete-
orological phenomena and rare meteorological events, how to derive the 
hazards associated with such phenomena and events, and how to obtain the 
values needed for the design of structures and components potentially 
affected.

Flooding

The requirements divide fl ooding into three major causes: fl oods due to 
precipitation and other causes; water waves induced by earthquakes or 
other geological phenomena; and fl oods and waves caused by failure of 
water control structures. Flooding can be caused by one or more concurrent 
natural phenomena, such as heavy precipitation and rapid snow melt, high 
tides and storm surges, seiche and wind waves, among many other combina-
tions. Flooding hazards from tsunamis associated with marine earthquakes 
or close to lakes and large rivers, and seiches originating from geological 
causes should be quantifi ed to design protective measures. On river sites, 
fl oods and waves caused by the failure of upstream dams or other water 
retention structures have to be analysed to determine the level above the 
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river surface where safety structures should be built to avoid fl oods or to 
protect key structures, systems and components.

An IAEA safety guide considers fl ood hazards for nuclear power plants 
sited on coastal and river sites (IAEA, 2003c). The guide considers each 
one of the fl ooding causes and identifi es deterministic and probabilistic 
parameters which should be included in the design basis of the plant. Due 
consideration is given to the concurrence of different causes of fl ooding and 
the potential changes in the initial parameters due to climate changes or 
geographical modifi cations. The stability of shorelines and river beds is also 
a matter for consideration.

Geotechnical hazards

Geotechnical hazards are caused by slope instability, collapse, subsidence 
or uplift of the site surface, solid liquefaction and anomalous behaviour of 
foundation materials. Slope instabilities can be produced by landslides or 
snow avalanches with the possibility of affecting the electrical grid and the 
water intakes; caves, karstic formations, underground rivers, mines and 
water, gas or oil wells may cause collapse, subsidence or even uplifts of the 
site surface, affecting building structures; solid liquefaction induced by 
earthquakes has the potential of causing differential movements among 
builds connected by pipes and cables; and foundation materials may also 
produce differential movements among buildings, requiring a good knowl-
edge of the foundation materials and their properties under static and 
seismic loadings.

An IAEA safety guide addresses the geotechnical aspects to be consid-
ered in site evaluation and foundations for NPPs (IAEA, 2005). The guide 
describes the many geological aspects that must be evaluated, the observa-
tions to be conducted and the laboratory tests to be performed. Special 
attention is given to the stability of the site and the foundations, necessary 
for the design basis of the major buildings. Such parameters, mainly the 
stability of the foundations, need to be reassessed during site preconstruc-
tion activities and monitored during the operational life of the plant.

External human-induced events

The requirements consider three types of external events: aircraft crashes, 
chemical explosions, and other important human-induced events. The 
requirements consider only accidental events of that type; terrorist attacks 
by the same means with the only purpose of producing harm are excluded.

The currently high level of air traffi c and the expected increase in the 
future may represent a substantial hazard to NPPs, despite the high level 
of safety in current and future air fl ights. The hazards due to the crash of a 
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large passenger airplane include the impact itself, the explosions and large 
fi res that may be produced. The risk can be reduced by avoiding having 
fl ight corridors close to NPPs.

The proximity of chemical installations and transportation routes also 
creates risks of explosions, defl agrations and large fi res with the correspond-
ing release of toxic substances that may affect the safety of the operating 
NPP; compensatory measures should be applied or the site discarded. Other 
important human-induced events include large fi res, for instance forest fi res, 
collisions of ships with water intake structures, and the presence of electro-
magnetic waves with the potential of affecting the plant information, control 
and instrumentation systems.

An IAEA safety guide describes the many external human-induced 
events to be considered in the evaluation of a site for a NPP (IAEA, 2002a). 
The guide considers each one of the events, defi nes the associated hazards 
and determines how to obtain the main parameters to be used in the design 
basis of the plant to cope with such hazards.

Other important considerations

The requirements also consider a rather long list of local phenomena that 
may produce harm to the safety of the NPP, such as volcanism, sandstorms 
and subsurface freezing of sub-cooled water. There are also phenomena 
which may have an impact on the long-term removal of decay heat; in this 
respect consideration should be given to air temperature and humidity, 
water temperature, available fl ow of water and natural and human-induced 
phenomena which could impair the loss of the heat removal function, such 
as insuffi cient river fl ow, loss of the available water reservoir, water intake 
blockage by marine organisms or freezing of cooling towers, among others, 
All these aspects have to be considered to include appropriate preventative 
and mitigation devices, equipment and procedures.

The IAEA has not yet developed any safety guide to measure the hazards 
associated with these varied concerns. Only a safety guide on volcanic 
hazards in site evaluation for nuclear installations is in preparation (IAEA, 
2009). The guide, based on a previous 1997 document, includes the knowl-
edge gained in the science of volcanology and associated risks mainly due 
to the enormous amount of volcanic ashes that are injected into the upper 
atmospheric levels, which is already evident in the effects produced on air 
traffi c. The fallout of a large amount of ashes on the plant premises, water 
intakes and roads could impair the safe operation of a nuclear power plant. 
As in the past, there could also be mega-volcanic eruptions with the poten-
tial of blocking sunlight, which may have a serious impact on all types of 
installations and on life on earth. These extreme effects are generally 
outside the scope of the design.
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18.4.3 Potential impacts of the nuclear power plant on the 
site and its surroundings

The potential impacts that an operating NPP may bring to the site are 
related to the atmospheric, surface and ground water dispersion of radioac-
tive material affecting the population and the use of land and water in the 
affected region. Specifi c requirements and corresponding safety guides 
follow.

Atmospheric dispersion of radioactive materials

During NPP operation small amounts of radioactive nuclides are released 
to the atmosphere under strict control. Those nuclides include some noble 
gases which cannot be retained by any treatment process, as well as some 
volatile elements and particulate matter which may not be completely 
retained in the high-effi ciency radioactive waste treatment system.

In pressurized water reactors (PWRs) fi ssion and activation gases in the 
coolant are separated and stored for decay and fi nally vented to the atmos-
phere before refuelling outages; most of these gases have short lives and 
disappear during the storage period with the exception of krypton-85 (half-
life 10.6 years) which becomes the larger contributor of gaseous releases. 
Iodine-131 (half-life 8.06 days) and hot particles – radioactive particles 
including fi ssion and activation generated radioactive nuclides – could also 
be found in the containment atmosphere from coolant leakages. Small 
amounts of such materials can also be released to the atmosphere after 
being fi ltered by activated carbon fi lters, to retain iodine, and high-effi ciency 
particle air fi lters. In boiling water reactors (BWRs) radioactive gases gen-
erated in the coolant are carried by the steam, separated in the condenser 
and released to the atmosphere continuously after passing for a few days 
through a delay system composed of a large activated carbon bed main-
tained at low temperature; short-life nuclides decay during transit through 
the bed with the exception of krypton-85 and xenon-137 (half-life 5.27 
days), while most of the iodine nuclides are retained in the activated carbon 
bed.

The behaviour of the released radioactive nuclides has to be predicted 
to measure the potential effects of such releases on the health and safety 
of the affected people and on the environment. Meteorological dispersion 
parameters have to be measured by dedicated meteorological towers to 
determine wind speed and direction, air temperature, precipitation, humid-
ity and atmospheric stability parameters. With all these data sophisticated 
dispersion models are developed which also take into account the topogra-
phy of the place and the effects that buildings may have on the dispersion 
of the released materials. These studies are conducted at least one year 
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before starting plant construction and meteorological towers and data gath-
ering are maintained during the whole operating life of the NPP.

The availability of meteorological data at the time and during an acci-
dental release of radioactive products is essential to emergency manage-
ment. In these cases the site dispersion data have to be supplemented with 
the data and dispersion models of the country’s central meteorological 
agency.

An IAEA safety guide has been developed to indicate the ways and 
means to obtain such data and develop the site dispersion models (IAEA, 
2002b). The guide describes how to select and display a meteorological data 
gathering system appropriate to the topography and physical characteristics 
of the region where the plant is located. The guide also describes methods 
to develop an ad hoc dispersion models which will also include the con-
tamination of soil and the potential resuspension of radioactive aerosols 
and hot particles, as well as contamination of vegetables and other food 
products. Such models are essential parts of the theoretical estimation of 
the potential radiation doses that the affected population may receive from 
atmospheric radioactive releases by direct exposure to the radioactive 
cloud and other pathways. The model is also essential in the epidemiological 
studies generally conducted around nuclear sites.

Dispersion of radioactive material through surface water

Surface water may get contaminated through direct discharges to water 
bodies or through fallout from radioactive clouds. All contaminated waste 
water from the operation of a NPP is collected and treated in the liquid 
waste treatment system. This normally includes a high effi ciency fi ltration 
system to retain particulate materials, followed by ion exchange to retain 
dissolved ions and also by a residual water evaporation system. At the end 
of these treatments pure distilled water is obtained; it can be recycled into 
the plant but any surplus of water has to be released to a nearby water body 
under strict control. Although of high effi ciency, all these waste water treat-
ment processes cannot retain all radioactive materials; moreover tritium 
substitutes hydrogen in the water molecule and it cannot be separated by 
any of the three processes mentioned above.

Tritium is a fi ssion product – about one tritium atom is produced every 
10,000 fi ssions. In PWRs tritium is also produced by activation of boron 
added to the coolant to control reactor core reactivity that is used in such 
reactors and with lithium also used in PWRs to control water pH. Tritium 
(half-life 12.26 years) is continuously produced in the stratosphere by 
cosmic radiation reacting with oxygen and nitrogen, from the stratosphere 
it gradually descends to the lower parts of the atmosphere by natural dif-
fusion, and it ends in the ocean and terrestrial waters. As it is generated and 
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decays constantly, it has reached an equilibrium estimated at about one 
million curies. It is against this natural background that tritium generated 
in NPPs and reprocessing facilities has to be measured.

The behaviour of the released nuclides to surface water, especially tritium, 
has to be predicted to measure the potential effects of such releases on the 
health and safety of the affected people and on the environment. Surface 
water dispersion and dilution parameters have to be measured by dedicated 
processes to determine water fl ows, and the transfer mechanism by which 
nuclides may reach humans. With all these parameters dispersion models 
are developed which also take into account all potential phenomena that 
control the behaviour of the different contaminants. These studies are con-
ducted at least one year before starting plant construction and are main-
tained during the whole operating life of the NPP.

As in the case of meteorological data, surface water dispersion and dilu-
tion data and models are essential at the time and during an accidental 
release of radioactive products to properly manage the emergency use of 
such waters. In these cases dispersion and dilution data have to be supple-
mented with the data and dispersion models of the country’s central hydro-
logical agency. The 2011 Fukushima event released substantial amounts of 
contaminated water with radioactive nuclides to the Pacifi c Ocean with the 
potential of becoming concentrated in the bodies of fi sh and marine food 
products, thus requiring the defi nition of accepted concentration limits for 
human consumption.

The IAEA safety guide already mentioned (IAEA, 2002b) indicates the 
ways and means to obtain surface water data and develop the site water 
body’s dispersion models. The guide describes how to select and display a 
data gathering system appropriate to the hydrology of the region where the 
plant is located. Differences between river, open coastal, estuarine and 
artifi cial lake receivers are marked. The guide also describes methods to 
develop appropriate dispersion and dilution models to clearly determine 
the different pathways through which contamination can reach humans. 
Such models are also an essential part of the theoretical estimation of the 
potential radiation doses that the affected population may receive from 
surface water pathways. The model is also essential in the epidemiological 
studies generally conducted around nuclear sites.

Dispersion of radioactive material through ground water

Ground water may be contaminated by leakages from buried pipes carrying 
contaminated fl uids, through seepage and infi ltration of surface water that 
has been contaminated and from interactions with contaminated surface 
waters. Several instances of tritium presence in ground water from NPP 
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underground leaking pipes have been recently reported. Ground water uses 
include human consumption and irrigation, pathways that may bring tritium 
into human contact. Therefore the protection of aquifers from such events 
should be prevented and a geological barrier should be considered.

A description of the ground water hydrology at the local and regional 
level is then required to assess the behaviour of any contaminant, its poten-
tial migration and dilution, the retention characteristics of the soil and the 
physicochemical properties of the materials, mainly its retention properties. 
From this information a model is developed to estimate the radionuclide 
pathways during normal operation and under accident conditions.

As in the case of surface waters, IAEA (2002b) describes which data 
should be collected, that may require drilling boreholes for geophysical and 
tracer studies. The models will serve to estimate the expected contamination 
of ground waters at the point of use, and to assess the doses received by 
the exposed population and for the management of such waters in case of 
accident.

18.4.4 Population distribution and local and regional uses 
of land and water

The safety objective is to protect individuals and society as a whole against 
the harmful effects of ionizing radiation during normal operation and also 
under accident conditions. To accomplish that goal, population inventory 
and population distribution is required, as well as the local and regional 
uses of land and water. The atmospheric, surface water and ground water 
radioactive contaminant pathway models, together with water and land 
uses, serve to identify the most exposed population groups, the so-called 
critical groups, as a reference for normal operation. Such models could also 
serve to establish an effi cient emergency plan covering the whole affected 
population in case of accident.

As in previous cases, the IAEA site requirements establish that data 
should be obtained on existing and projected population distribution, both 
resident and transient; such data is updated along the operating time of the 
power plant, at least every 10 years. Likewise, the present and future uses 
of land and water must be determined and updated along the lifetime of 
the plant. The area of interest is country dependent. In general, large popu-
lation centres should not exist within a radius of 5 km and population 
distribution should cover at least a radius of 10 km from the plant. Proximity 
to schools, hospitals and prisons should be avoided.

Details on how to collect and gather the required information can be 
obtained from the IAEA safety guide (IAEA, 2002b).
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18.5 Consideration of the feasibility of 

an emergency plan

Principle 3 of the INSAG document on NPP siting described in Section 18.3 
addresses the study of the feasibility of an emergency plan in the site 
selected. Emergency planning, the last barrier to protect the health and 
safety of the population, has a considerable relevance. In the IAEA safety 
guide already quoted (IAEA, 2002b) the site-related aspects of nuclear 
emergencies are introduced: ‘There should be no adverse site conditions 
which could hinder the sheltering or evacuation of the population in the 
region or the ingress or egress of external services needed to deal with an 
emergency.’ Sheltering in people’s own houses is the most elementary way 
to protect people; to make sheltering effective some basic procedures have 
to be put in place. Electricity and suffi cient water and food should be avail-
able; special population groups such as residents in hospitals and prisons 
will also demand special services.

Poorly developed transport and communications networks or the pres-
ence of industrial activities may impair the rapid and free movement of 
people and vehicles in case of evacuation to safer places. Such places should 
be defi ned and be prepared beforehand, with alternatives in case they also 
become contaminated. In case evacuation routes have to pass close to the 
affected plant new routes have to be open. The Chernobyl-4 and Fukushima-1 
accidents have demonstrated the need for permanent or prolonged dis-
placement, a situation that needs government attention. The cited IAEA 
safety guide includes the following list of items to be considered for an 
effi cient emergency plan:

• Population density and distribution in the region
• Distance of the site from population centres
• Special groups of the population who are diffi cult to evacuate or shelter, 

such as people in hospitals or prisons, or nomadic groups
• Particular geographical features such as islands, mountains and rivers
• Characteristics of local transport and communications networks
• Industrial facilities which may entail potentially hazardous activities
• Agricultural activities that are sensitive to possible discharges of 

radionuclides
• Possible concurrent external events.

The last item has particular interest. Evacuation may have to be conducted 
under heavy fog or snowfall or concurrent with other major natural phe-
nomena such as an earthquake and tsunami as in the case of the 2011 
Fukushima event.

The IAEA has developed a series of requirements and safety guides on 
emergency planning. A requirements document (IAEA, 2002c) addresses 
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the logistic support and facilities needed as well as the training drills and 
exercises which should be conducted on a periodic basis. These require-
ments are further developed in a safety guide (IAEA, 2007b) in which 
Appendix VIII describes the conditions that emergency facilities and loca-
tions should comply with.

18.6 Demographic requirements and site parameters 

developed and applied by the United States 

Nuclear Regulatory Commission

The relevance of site characteristics, mainly population distribution, on the 
safety of NPPs was soon recognized. The ideas and concepts developed by 
the United States former Atomic Energy Commission (AEC) since 1962 
have been maintained until now and have provided the basis for evaluating 
the site for NPPs; they also have shaped the design basis of the currently 
operating reactors. Because of the large impact of these considerations, it 
has been found of interest to present a short account of this historical 
development and the current situation regarding this matter.

18.6.1 A short historical account of site criteria for nuclear 
power plants

In 1950 the then Reactor Safeguards Committee under the old AEC pre-
pared a report (AEC, 1950) proposing the creation of a so-called exclusion 
radius around a nuclear reactor where residences were not permitted. It 
was also proposed that such a radius, measured in miles, be 1/100 of the 
square root of the reactor power measured in thermal kilowatts, i.e. 

R Pmiles kW( ) = ( )1
100

√ ; the proposal was based on the assumption that 

the reactor will undergo a reactivity excursion, melting the core and ruptur-
ing the coolant system with the fi ssion products escaping freely to the 
environment. The application to such a rule of thumb to nuclear power 
plants designed in the 1960s and 1970s led to an unacceptably large exclu-
sion radius.

After realizing that the proposed rule of thumb was not appropriate to 
the many medium-sized demonstration reactors under consideration and 
after accepting the principle that reactor containment was better than isola-
tion, in 1959 the AEC published in the Federal Register new proposed site 
criteria. The new site criteria maintained the concept of exclusion radius, 
now called exclusion distance, which depended not only on thermal power 
but also on the design features, mainly the inclusion of a containment 
system, and the site characteristics. For the large power reactors then con-
sidered the accepted exclusion radius varies from ½ to ¾ mile. It was also 
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determined that beyond the exclusion radius population density should be 
small and there should be no large cities within 10 to 20 miles. In this pre-
liminary document the main site parameters based on seismology, meteor-
ology, geology and hydrology were also defi ned and considered.

After several intermediate steps, such rules were perfected and consoli-
dated in a new document published in 1962 under the title 10 CFR Part 100 
Reactor Site Criteria, which has been maintained up to now. The new docu-
ment consolidated the concept of exclusion area and created two additional 
concepts: a low population zone surrounding the exclusion area containing 
residents ‘the total number and density of which are such that there is a 
reasonable probability that appropriate protection measures could be taken 
in their behalf in the event of a serious accident’, and a population centre 
distance determining the minimum acceptable distance to ‘the nearest 
boundary of a densely populated center containing more than about 25,000 
residents’.

Methods to determine the corresponding radius and distances were also 
published by reference to a Technical Information Document (TID-14844) 
developed by DiNunno and co-workers (DiNunno et al., 1962) based on a 
hypothesis regarding the consequences of the maximum credible accident, 
a concept that was introduced in 1959 by Dr Clifford Beck, a notorious 
regulator within the AEC, and on limiting radiation doses to the population 
(Beck, 1959). These ideas and concepts are maintained today and have had 
a deep infl uence in other countries; moreover they constitute one of the 
pillars for the safe design of most of the currently operating reactors. A full 
account of these historical developments has been published by Okrent 
(1981).

18.6.2 The present United States reactor site criteria

The NRC 10 CFR Part 100 titled Reactor Site Criteria, dated 1962, last 
amended in 1996, is divided into two subparts applicable to reactors built 
before 10 January 1997 and for site-related applications submitted on and 
after such date. The date separation is due to the creation of the new com-
bined construction and operation licence (COL), while maintaining the 
previous system requiring separate construction and operation licences. In 
both cases a site permit is considered. Regarding population distribution 
the regulations require that every site must have an exclusion area and a 
low population zone and a population centre distance.

The exclusion area is formally defi ned as:

‘that area surrounding the reactor, in which the reactor licensee has the author-
ity to determine all activities including exclusion or removal of personnel and 
property from the area. This area may be traversed by a highway, railroad, or 
waterway, provided these are not so close to the facility as to interfere with 
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normal operations of the facility and provided appropriate and effective 
arrangements are made to control traffi c on the highway, railroad, or waterway, 
in case of emergency, to protect the public health and safety.’

The low population zone is formally defi ned as:

‘the area immediately surrounding the exclusion area which contains residents, 
the total number and density of which are such that there is a reasonable prob-
ability that appropriate protective measures could be taken in their behalf in 
the event of a serious accident.’

The population centre distance is defi ned as:

‘the distance from the reactor to the nearest boundary of a densely populated 
center containing more than about 25,000 residents.’

It is added that the population centre distance:

‘must be at least one and one-third times the distance from the reactor to the 
outer boundary of the low population zone.’

For currently operating reactors 10 CFR Part 100 makes reference to the 
TID-14844 document already mentioned (DiNunno et al., 1962) to deter-
mine the values of the defi ned areas and distances. In the calculations the 
radioactive source term released to the atmosphere is based upon a major 
accident that would produce potential hazards ‘not exceeded by those from 
any accident considered credible’. It is assumed that the whole reactor core 
will melt, releasing 100% of the noble gases’ radionuclides and 25% of 
iodine radionuclides, in three different forms: 22.75% as elemental iodine; 
1.25% as particulate iodine; and 1.0% as methyl iodide, a molecule observed 
in experiments with limited radiological importance. It is also supposed that 
the containment system will remain intact, releasing radioactive products 
at the containment’s expected demonstrable leak rate; it is also assumed 
that containment spray and pool pressure suppression systems will function 
as designed and the release will be dispersed under assumed meteorological 
conditions.

Under such circumstances are calculated the whole body dose and the 
dose to the thyroid from the inhalation of iodine isotopes received by the 
standard man, standing in the axis of the radioactive plume, as a function 
of the distance from the release point for the fi rst two hours after the onset 
of the release and during the total release time. The radius of the exclusion 
area is the maximum distance at which the assumed person will receive 
during the fi rst two hours a whole body dose of 25 rem (equivalent to 0.25 
sievert in SI units) or a thyroid dose of 150 rem (equivalent to 1.5 sievert 
in SI units). The radius of the low population zone follows the same criteria, 
but the reference dose will be received during the whole release time. The 
methodology is illustrated in Fig. 18.2. For a LWR of 1 GW of standard 
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design the radius of the exclusion area varies from 750 m to 1200 m, the 
low population zone from 3 to 5 km and the distance to population centres 
from 4 to 7 km.

The guide clearly indicates that the reference doses must not be consid-
ered as acceptable emergency doses to the public; they are only reference 
values for the purpose of defi ning the population distribution site param-
eters. The 0.25 sievert value for the whole body dose corresponds numeri-
cally with the once in a lifetime accidental or emergency dose for radiation 
workers which is generally disregarded in the person’s radiation status.

The demographic site parameters should not be taken as reference to 
emergency planning, which normally covers up to 30 km from the plant and 
could be further extended and adjusted to any real situation. The basis of 
the calculation assumes the total meltdown of the reactor fuel, but the 
containment function responded as foreseen in the design considerably 
reduces the source term and its composition. In the 1979 TMI-2 accident 
20% of the core melted, but the containment and corresponding safety 
safeguards responded as expected and only a preventive limited evacuation 
was considered necessary. In the 1986 Chernobyl-4 accident the nuclear 
core, the core pressure containment and the conventional building were 
destroyed by the vapour and hydrogen explosions, the fuel was dispersed 
and melted in the open air, releasing radioactivity over 10 days, and a large 
number of people far from the plant were evacuated or permanently relo-
cated. In the 2011 Fukushima-1 accident three nuclear units were affected 
whose cores partially melted, but the containment and related safeguards 
only partially complied with their functions, resulting in substantial releases 
to the atmosphere of noble gases and volatile iodine, tellurium and cesium 
radionuclides. A large amount of contaminated water was also released to 
the sea. At the time of this writing, people were evacuated up to 20 km from 
the plant and recommended to take shelter at up to 30 km, for long periods 
of time.
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19
Bid invitation in nuclear power 

plant procurement

A. GONZÁLEZ, Empresarios Agrupados, A.I.E., Spain

Abstract: The Bid Invitation Specifi cation (BIS) is a crucial element 
of the procurement process of a new nuclear power plant. The BIS 
documents constitute the basis used by the prospective bidders to 
prepare their bids for the nuclear power plant contract. In the BIS 
documents, the owner provides information regarding the project, 
instructions for the bidding process to be followed up to contract award, 
bid evaluation criteria, bid structure and contents, scope of supply 
requested, main project schedule milestones, technical requirements, as 
well as commercial, contractual and fi nancing conditions applicable to 
the supply. It should be noted that the scope, structure and contents of 
the BIS documents largely depend on the contract approach selected by 
the owner for the project.

Key words: bid invitation specifi cations, BIS for nuclear power plants, 
bidding for nuclear power plants, owner specifi cation for nuclear power 
plants, acquisition of nuclear power plants.

19.1 Introduction

The decision by an electric utility (hereinafter, the owner) to build a nuclear 
power plant, as part of the long-term nuclear power programme in a given 
country, usually follows a feasibility study carried out to provide the utility 
management and the relevant authorities of the country with the necessary 
information on which to base the decision to go ahead with the project and 
which demonstrates that the project is actually viable from the technical, 
economic and fi nancial points of view.

Once the owner takes the decision to build a new nuclear power plant, 
two main phases of project implementation follow:

• The acquisition phase
• The construction phase.

The acquisition phase, sometimes referred to as the preconstruction phase, 
typically includes the following main activities:

• Feasibility study
• Site evaluation and selection
• Preparation of the Bid Invitation Specifi cations (BIS)
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• Request for bids from prospective vendors
• Bid preparation by bidders
• Technical and economic bid evaluation
• Selection of the successful bidder (i.e., the vendor or supplier) and con-

tract negotiation
• Contract signature.

The preparation of the Bid Invitation Specifi cations (BIS) is one of the 
most important preconstruction activities to be carried out by the owner 
during the plant acquisition phase. This chapter focuses on the preparation 
by the owner of the BIS as the key document by way of which he provides 
the bidders with information about the project, instructions on how to 
prepare and submit their bids, the scope of supply he wishes to purchase 
and the requirements of all types (i.e., technical, commercial and contrac-
tual) that he wishes to impose on the vendor for delivery of the plant.

19.2 Contracting approach and 

bid invitation specifi cations

19.2.1 Selection of the contractual model

At the beginning of the project implementation phase, one of the most 
important decisions that a new owner will have to make will be the selection 
of the contractual model under which the future nuclear power plant is 
going to be purchased.

Indeed, the contractual approach determines how the project manage-
ment, design, equipment procurement, construction and commissioning 
management will be organised, and the extent to which the owner will be 
involved in these activities. It also establishes the distribution of risks and 
responsibilities between owner and vendor, for the successful outcome of 
the project.

The contractual model selected by the owner will have a signifi cant infl u-
ence on the structure and contents of some of the BIS documents, more 
particularly those dealing with scope of supply, project implementation and 
draft contract.

In the past, one of the following contractual approaches has usually been 
adopted for nuclear power plant acquisition:

 1. Turnkey contract. A single supplier or a consortium of suppliers takes 
full responsibility for the delivery of the complete plant, ready for oper-
ation. The turnkey contractor therefore has complete responsibility 
for carrying out all phases of the project, from project management, 
engineering and design to procurement, construction, testing and 
commissioning.
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 2. Split package contract. Overall responsibility for the supply of the plant 
is divided among a reduced number of contractors. The owner places 
separate contracts for different portions of the plant (e.g. three or four 
large supply packages). Each of these contractors is responsible for the 
project management, procurement, construction, testing and commis-
sioning of his own package or portion of the plant. The owner, on his 
own or with the assistance of an architect-engineering fi rm, takes respon-
sibility for overall project management and integration of the design, 
construction and commissioning of the various packages. Following are 
some typical split-package contracting approaches, according to the 
number of packages the plant is divided into:
• Two-package approach: the nuclear island (NI) is contracted sepa-

rately from the turbine island (TI).
• Three-package approach: package 1 corresponds to NI without civil 

works; package 2 is the TI without civil works; package 3 corresponds 
to the civil works for the NI and TI, contracted directly by the owner.

• Three-package approach: package 1 is the NI and TI without civil 
works; package 2 is the BOP outside NI and TI without civil works; 
package 3 consists of the civil works.

 3. Multiple package approach. The owner, on his own or with the assistance 
of an architect-engineering fi rm, assumes full responsibility for the engi-
neering and design of the plant, as well as for the overall project man-
agement, equipment procurement, and plant testing and commissioning. 
The owner issues a call for tenders and places an order for the nuclear 
steam supply system (NSSS) and turbine-generator packages, based on 
which he develops the engineering and design of the complete plant, 
usually with an architect-engineering fi rm. He then issues a large number 
of contracts, with specifi cations prepared by the architect-engineer, to 
mechanical and electrical equipment vendors (e.g. for piping, valves, 
pumps, heat exchangers, electric motors, switchgear, instruments, and 
controls) and to construction and erection contractors at site. Sometimes 
also referred to as ‘contract by components’, this contracting approach 
has been extensively used in several industrialised countries by owners 
with experience in the handling of nuclear projects and in the direct 
management of other types of large complex projects such as fossil-fi red 
power plants.

The choice of the preferred contractual approach depends on a variety 
of factors, some of which are listed below:

• Owner experience and knowledge in project management of similar 
projects, such as large fossil-fi red power plants

• Local conditions available in the user country, including engineering, 
construction and erection capabilities, national infrastructures, qualifi ed 
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human resources, and whether a single nuclear unit or a series of them 
are planned for the user country

• Experience in the user country of a pool of reliable equipment manu-
facturers and contractors with experience in the different contractual 
approaches

• Project costs, competitiveness and risks associated with each contractual 
approach

• Financing requirements and risk exposure perceived by lenders, depend-
ing on the contractual approach under consideration.

Regardless of the contractual approach fi nally selected, the owner will 
have to work closely with his project management team. Although substan-
tial, the owner’s involvement required under a turnkey contract is smaller 
than that required under other contractual approaches, and basically con-
cerns project execution follow-up and contract administration and control, 
until the plant is turned over to him. The owner’s involvement, risk and 
responsibility are greater in the split-package approach, and are considered 
to be maximum in the case of the multiple-package scheme (contract ‘by 
components’). The degree of direct owner involvement also depends on the 
scope of work assigned to the architect-engineer assisting the owner.

Non-turnkey contracts have been largely used in countries where there 
is sound experience in large industrial projects. However, in countries that 
do not have experience in the handling of large complex projects or in 
heavy construction work, the turnkey approach seems the most suitable 
contractual model for the supply of a complete plant, and all the more so 
for owners from user countries planning to build their fi rst nuclear unit. A 
good turnkey contract minimises the owner’s risks regarding cost overruns, 
construction schedule, quality of the work and plant performance. Moreover, 
a turnkey contract for the fi rst nuclear unit(s) would constitute a good 
learning exercise towards gaining experience, and provide a basis for select-
ing other contract approaches involving greater owner and local participa-
tion, in the event of building more units in the country.

19.2.2 Owner–supplier collaborative approach 
for turnkey contract

One contracting approach that is currently gaining acceptance in technol-
ogy holder countries and in countries with nuclear experience planning to 
build new nuclear units is direct negotiation of the contract between the 
owner and a preselected bidder or a reduced group of prospective vendors. 
These direct negotiations may fi rst take place with two (or three at the 
most) short-listed bidders to keep competition going at the onset of the 
vendor selection process and provide suffi cient time to evaluate their bids 
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and select one successful bidder as the prospective vendor with whom 
negotiations will be pursued up to contract signature.

The main objective of this direct, collaborative, ‘open book’ negotiating 
approach is to simplify the bid evaluation and vendor selection process, to 
minimise contingencies taken by the bidder, and to achieve a reasonable 
share of the economic risks between owner and vendor.

Under this direct negotiation approach, the owner selects one or more 
technologies and the corresponding prospective vendors, either according 
to his own preferences as an electric utility or following a technology assess-
ment process. The owner prepares a complete set of BIS documents and 
invites bids from one or two preselected bidders. If bids are requested and 
received from more than one bidder, the owner undertakes a preliminary 
technical and economic bid evaluation, and then starts direct negotiations 
with the bidders, to agree on the technical aspects, scope of supply, terms 
and conditions, price, and other commercial conditions.

Following a period of time suffi cient to establish which of the short-listed 
bidders has submitted the bid that is most advantageous to the owner, a 
prospective successful bidder is retained and full negotiations are under-
taken with him until contract signature. Under this approach, the reduced 
number of preferred bidders are aware that they have to submit a competi-
tive bid and that the competition remains valid during the fi rst stage of the 
negotiations (during the owner’s evaluation of the bids).

To reduce contingencies for the bidder and set the framework of the col-
laborative, ‘open book’ negotiation approach, the BIS requests bidders to 
identify in their bid which scope of supply packages or items are quoted as 
fi rm price subject to escalation under a lump sum offer, and which packages 
or items are quoted as non-fi rm prices (e.g. unit prices, costs with multipliers 
to be applied to the costs, time and material prices, etc.). These are prices 
to be converted into fi rm prices through a negotiation process initiated after 
a fi rst bid evaluation. The owner then launches a direct, collaborative nego-
tiation process, fi rst with the reduced number of preselected bidders, and 
later on with the bidder fi nally selected, eventually to conclude a price 
agreement on the highest possible number of packages and/or items initially 
quoted in the bid as non-fi rm prices to convert them to fi rm prices subject 
to escalation, or to target prices subject to a ‘gain and pain’ scheme of incen-
tives, to incorporate them into the lump sum portion of the contract.

If the price for a certain scope item could not be converted into a fi rm 
price and, therefore, is still open by the time of issuing the Final Notice To 
Proceed (FNTP), the negotiating parties will try to agree on rules of appli-
cation of scope items quoted, for example, as unit prices to actual and reli-
able bills of quantities when they become available during the detail design 
completion process. Agreements may also be concluded on rules for items 
that were quoted at an estimated cost with an associated multiplier (or 
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multipliers) at the time of bid submittal, which will be applicable when the 
time comes to purchase that specifi c scope item according to the project 
procurement schedule. These multipliers shall also be negotiated prior to 
contract signature, as they could typically cover contingencies, risk reserves, 
and margins to be applied to the actual cost of the scope item when this is 
determined.

Once a total price structure (lump sum fi xed/fi rm price and non-fi xed/
fi rm price portion) has been agreed by both parties, as well as any other 
open points regarding technical requirements, scope of supply, schedule, 
and terms and conditions, the vendor is requested by the owner to convert 
the original bid completed with all the agreements reached during the col-
laborative ‘open book’ negotiation process into a fi nal engineering, procure-
ment and construction (EPC) proposal with the agreed price, scope, schedule 
and contract terms and conditions. The corresponding EPC turnkey con-
tract is then established with as many of the scope packages as possible 
quoted as a fi xed or fi rm price subject to escalation.

The direct collaborative ‘open book’ owner–vendor negotiation approach 
may be greatly facilitated by the existence of a standard plant design that 
is prelicensed in the country of origin of the technology, and counting on a 
high percentage of completed detail design. This approach also enables 
limiting the bidder’s contingencies and the sharing of fi nancial risks between 
owner and vendor, which corresponds to today’s demand from the industry 
for the new and future nuclear power plant projects.

Finally, it should be noted that the owner requires a solid bid evaluation 
and negotiating team to implement this type of approach. This team may 
feature experts from the owner’s organisation, with external support from 
an architect-engineering company with experience in the engineering, 
design, procurement and construction of NPPs.

19.3 Basis for preparation of the bid invitation 

specifi cations

19.3.1 Main decisions to be taken by the owner

The owner must take a number of decisions and make available important 
information to the team in charge of preparing the BIS before the latter 
can begin its work. Some of the most relevant information is the 
following:

• Owner (purchaser) identifi cation
• Contractual approach
• Reactor type
• Number of units
• Power range (MWe) per unit and/or for the whole plant

�� �� �� �� ��



 Bid invitation in nuclear power plant procurement  627

© Woodhead Publishing Limited, 2012

• Plant location
• Site data
• Applicable codes, standards and regulatory requirements
• Cooling water system type
• Power grid characteristics
• Project schedule, including key milestones
• Licensing requirements and process to be followed
• Financing requirements of the project
• Scope of supply reserved to the owner
• Nuclear fuel (if required to be supplied by the plant vendor), and 

number of reloads to be supplied
• Quality management system requirements
• National participation policy
• Technology transfer objectives.

19.3.2 Planning and scheduling

The preparation of the BIS is a complex undertaking that requires the 
integrated contribution of a multidisciplinary group of experts covering the 
various disciplines involved in a nuclear project (e.g. licensing, nuclear 
safety, nuclear, mechanical, electrical, instrumentation and control (I&C), 
civil–structural, procurement, construction, commissioning, operation and 
maintenance, quality assurance (QA), legal, contracting, commercial, fi nanc-
ing). Depending on the experience available, the owner’s organisation and 
the availability of the required resources, the BIS may be prepared either 
by the owner’s own personnel or with the assistance of an experienced 
outside architect-engineering (A/E) or consultancy company.

In the event that an external A/E or consultancy company is used, it 
should act in an advisory role. This means that it is highly recommendable 
that a parallel owner’s team supervise, review and follow up the work per-
formed by the external companies assisting the owner with the BIS prepara-
tion and take fi nal responsibility for the decisions taken.

The composition of the team preparing the BIS will depend on the con-
tractual approach. For a plant to be contracted on a turnkey basis, a team 
composed of 20 to 30 experts should be suffi cient. The more segregated the 
procurement approach for plant acquisition, the more effort will be required 
on the part of the team. If the plant is contracted using large, split-package 
contracts (e.g. the NI separate from the TI), however, although the process 
would take longer, the resources required would not be substantially greater.

Six to eight months is a reasonable period for preparing the BIS. This 
would include the preparation of BIS criteria by the owner, preparation of 
several drafts of the BIS documents by the external A/E, review of the draft 
documents by the owner, and incorporation of the owner’s comments into 
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the documents by the A/E. This process is completed by a fi nal review and 
approval of the complete BIS by the owner’s management in time for 
issuing the BIS to prospective vendors.

19.3.3 Practical recommendations

Some practical recommendations for facilitating the preparation of the BIS 
are indicated below:

• Develop a solid multidisciplinary team, organised under the direction 
of a Project Manager, composed of experts who preferably have experi-
ence in nuclear projects. If this is not possible in certain areas, they 
should at least have experience in conventional power plant or large 
industrial projects.

• Prepare a detailed schedule showing all activities to be carried out and 
documents to be prepared, issued and reviewed by the different 
participants.

• Preferably, the BIS preparation team members should work in the same 
building or close to one another to ensure better integration of the work.

• Prepare the BIS documents using modern information technology (IT) 
tools in order to facilitate document production, revision and control. It 
is important to track and control the comments from the different par-
ticipants and the changes made in the different versions of the BIS 
documents.

• The owner should always be in control of the work performed by the 
external A/E and/or specialised consultant (if any).

• The national nuclear regulatory authorities should be made aware of 
the work being done to prepare the BIS and be invited to provide their 
comments to the licensing, nuclear safety and other technical require-
ments specifi ed in the BIS.

• It is advisable to hold periodic meetings with prospective bidders to 
review with them the BIS preparation approach being taken and to get 
their feedback.

• Existing reactor vendor standard plant designs, when available from the 
prospective bidders, should be taken into account during preparation of 
the BIS to ensure that the technical requirements set out in the BIS are 
realistic and based as much as possible on designs that are actually avail-
able on the market.

• It is of the utmost importance to have performed a comprehensive and 
detailed site study beforehand, so that reliable and complete site data 
(seismic, geological and environmental conditions, hydrology, cooling 
water characteristics, grid information, population distribution, social 
and industrial development) is available. This will enable the bidders to 

�� �� �� �� ��



 Bid invitation in nuclear power plant procurement  629

© Woodhead Publishing Limited, 2012

prepare better bids and subsequently, to proceed more effectively with 
the plant design phase.

• To facilitate future bid evaluation work by the owner, special attention 
should be paid in the BIS to giving instructions to the bidders regarding 
the required structure and contents of their bids. This will ensure that 
all of the bids have similar structures, contents and information, which 
makes it easier to review and locate information in the bids.

19.4 Purpose, structure and contents

The BIS is the owner’s specifi cation for the plant he intends to purchase. 
The main purpose of the BIS is to provide the bidders (that is, the prospec-
tive vendors) with the necessary information to prepare their bids. It is 
through the BIS that the owner informs the bidders regarding the 
following:

• The scope of supply he expects to be offered
• The technical requirements in terms of plant design, procurement, con-

struction, commissioning, operation and maintenance
• The manner in which he wishes the project to be implemented through-

out the various execution phases
• The commercial and contractual terms and conditions he wishes to 

agree on with the successful bidder
• The structure, organisation and extent of technical, commercial and 

other information he expects to receive with the bid, to facilitate his 
evaluation and understanding of what is proposed by the bidder.

When organising, structuring and drafting the BIS documents, an impor-
tant aspect to keep in mind is that they will serve as the basis from which 
will be developed the documents that will later constitute the contract 
between the owner and the successful bidder. Therefore, when preparing 
the BIS, one should always look ahead to how the contract documents will 
be organised and structured.

The BIS structure and contents very much depend on the contractual 
approach selected and the scope of supply requested by the owner. However, 
no matter which contractual model and scope of supply are chosen by the 
owner, and notwithstanding the bidding process the owner intends to follow 
(e.g. competitive bidding or direct negotiations with a single bidder), it is 
essential to prepare BIS documents that are specifi cally targeted at the 
particular circumstances of the project, describing the owner’s requirements 
and conditions for plant delivery, providing the bidder with the information 
he requires to prepare his bid, and outlining to the bidder the information 
expected from him in the bid for a fuller understanding of what is being 
offered and for easier bid evaluation. There are many ways to structure the 
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information to be included in the BIS, and any reasonable one is acceptable, 
as long as the information is complete.

Following is an example of how the BIS may be structured for a plant 
that the owner has decided to purchase complete (i.e. including nuclear 
island, turbine island and balance of plant) under a turnkey contract 
approach (i.e. including engineering and design, equipment supply, con-
struction and commissioning). The BIS contents are organised into a number 
of separate documents, each dedicated to a specifi c topic, as can be seen 
below:

 BIS Documents

LI Letter of invitation
IB Instructions to bidders
SS Scope of supply
TR Technical requirements
NF Nuclear fuel
PI Project implementation
DS Technical data sheets
DC Draft contract
CC Commercial conditions
FR Financing requirements

The following sections present an overview of each of the above-indicated 
BIS documents. This tentative BIS table of contents, built around a com-
plete plant under turnkey contract, may also be used as a guide in drafting 
up the BIS documents when the plant is to be purchased by large split 
packages (e.g. nuclear island separate from the turbine island), each of 
which could be contracted on a turnkey basis, or even for a multi-package 
or ‘by components’ approach under direct management of the owner. The 
BIS structure could be basically the same, but the contents of each docu-
ment would have to be tailored according to the specifi c scope of supply 
and contractual approach selected by the owner.

19.5 Letter of invitation

The cornerstone of the BIS and written by the owner, the letter of invitation 
(LI) is addressed to the potential bidders, inviting them to submit their bids 
and briefl y stating:

• Who is the owner company inviting bids and declaring its intention to 
proceed with the project

• Project name, reactor type(s), net power output range, number of units 
acceptable to the owner
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• Plant location and main site characteristics (e.g. condenser cooling water 
method required)

• Contracting approach and scope of supply (base scope and options)
• Whether or not fi nancing is to be arranged by the bidder
• Project scheduling forecast, and bid preparation and submittal 

schedule
• List of BIS documents enclosed with the LI
• Key BIS aspects that may be of special import to the owner and subject 

to special care from the bidders
• Request that the bidders formally notify, in writing and before the indi-

cated date, of their intention to bid.

The LI should be brief (2–3 pages maximum) and avoid indicating details 
that are already covered in other BIS documents.

19.6 Instructions to bidders

Instructions to bidders (IB) provides clear instructions regarding bid prepa-
ration and submittal, description of the bidding procedure to be followed, 
establishment of the bid structure and contents, identifi cation of the owner’s 
evaluation criteria for the bids and description of the process of award to 
the successful bidder, leading to the signature of the contract. It is recog-
nised that the IB document largely depends on the contracting model 
adopted by the owner.

The information provided and subjects covered by the IB document 
could be organised as outlined below:

 1. Introduction. An introductory paragraph on the purpose of the IB 
document, followed by a short description of the following:
• Purpose of the bid, name and location of the plant, reactor type(s), 

number of units, range of power output (MWe) for each unit that 
are acceptable to the owner

• Summary information on the owner of the plant, who will be enter-
ing the contract with the successful bidder

• Type of contract and implementation phases; project schedule and 
key milestones

• Defi nition of the base proposal scope and of potential options/
alternatives (as requested by the owner)

• Financing arrangements, if fi nancing is required by the owner
• Requirements for bids submitted by a consortium or a joint venture 

(e.g. joint and several liability required among the partners)
• Owner’s requirements on the standard for business conduct 

throughout the bidding process and the implementation of the 
contract.
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 2. Qualifi cations of the bidder. This section should indicate the conditions 
required to qualify as an eligible bidder and submit a bid, the general 
requirements regarding bidder qualifi cations and the criteria applied 
to the selection of bidders.

 3. Bid invitation specifi cations. An explanation of the purpose of the BIS 
and a short description of the different BIS documents, followed by 
indication of the procedure for the bidder to request clarifi cations 
regarding the BIS documents and for the owner to provide clarifi ca-
tion or modifi cation to the BIS documents.

 4. Bidding conditions. Precise instructions in short separate paragraphs 
should be provided for each of the following topics: written notifi ca-
tion of the intent to bid by bidders and deadline for this notifi cation; 
inspection of site and obligation of the bidder to become familiar with 
the project and local conditions; confi dentiality requirements during 
the bidding process; language to be used for bids and correspondence; 
communications between bidder and owner; system of units to be 
used; rejection of bids or cancellation of the bidding process by the 
owner; conditions for the modifi cation and/or withdrawal of bids; no 
payment to bidders by the owner; procedure concerning deviations 
and exceptions to the BIS documents; owner requirements regarding 
bid commitment guarantee, parent company guarantee and contract 
performance guarantee.

 5. Bid structure and contents. Specifi es the structure, organisation and 
contents expected for each part of the bid to be submitted. A practical 
approach consists in structuring the bid into separate parts: Part I: 
Commercial Bid; Part II: Technical Bid; and Part III: Bidders 
Information and Qualifi cation Documents.

 6. Delivery of bids, sealing and marking. Presents the requirements for 
bid marking, sealing, packing and submittal, submission deadline, 
number of copies and information support, and procedure for opening 
the bids.

 7. Bid prices and validity. Includes information related to price quotation, 
price breakdown, price escalation, payment schedule, taxes, bid valid-
ity period, and any other related aspect.

 8. Bid evaluation. Presents the bid evaluation criteria to be applied by 
the owner, and procedures to be followed for the questions and 
answers process during the bid evaluation.

 9. Award of contract. Informs the bidders on aspects such as shortlisting 
of preferred bidders, the notifi cation of award, the execution and sig-
nature of contract documents, and notifi cation to unsuccessful bidders.

 10. Forms and attachments. Advice on aspects such as bid form, guarantee 
forms, price and price breakdown schedules, and list of subcontractors 
proposed by the bidder.
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19.7 Scope of supply

19.7.1 Purpose

As its name indicates, the purpose of the scope of supply (SS) document is 
to defi ne the scope of supply and services of the various participants in the 
delivery of the nuclear plant (i.e. vendors, the owner and other participants, 
as the case may be). The document should clearly describe the scope of 
each, the division of responsibilities (DOR), the respective limits of supply 
(terminal points) and the interfaces among project participants.

19.7.2 Contents

The power plant purchasing contract model selected by the owner largely 
infl uences the contents of the SS document; however, the structure of the 
document (i.e. its table of contents) basically remains the same, regardless 
of the contracting approach, and would organise the information as follows:

• Introduction
• Owner’s scope of supply
• Bidder’s scope of supply
• Other participants’ scope of supply
• Defi nition of interfaces among project participants
• Division of responsibilities (DOR) tables
• Options.

Regardless of the contract approach selected (i.e. turnkey, split-package, 
multi-package), the SS document shall clearly specify the scope of supply 
and services that the owner assigns to himself, to the bidder and to the rest 
of project participants. To this end, the International Atomic Energy Agency 
(IAEA) Account System (IAEA, 2000) constitutes a good guideline. It 
consists of a list of all major items that make up the entire power plant 
scope of supply. It can be used as a reference to ensure that each scope item 
is assigned to one of the project participants. It can also assist in verifying 
the completeness of the scope of supply and ensuring that none of the scope 
items remains unassigned. There are other systems of account that can be 
used for the same purpose.

19.7.3 Variations according to contract approach

As regards the turnkey approach, no matter how detailed the description 
of the bidder’s scope of supply in the SS document, it is highly advisable 
for the owner to protect himself with a ‘completeness clause’ clearly stating 
that the bidder is requested and shall therefore be committed to delivering 
a licensable and functionally complete plant, including all the services, 
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structures, systems and components required for the plant to operate safely 
in accordance with the applicable codes, standards and regulatory require-
ments of the country and in compliance with the owner’s technical require-
ments as laid out in the BIS.

When the owner has opted for the split-package or multi-package 
approach, redacting the SS document becomes a more complex undertak-
ing to ensure that each plant scope item is clearly assigned either to the 
owner or to one of the package suppliers. Following are some practical 
recommendations:

 1. A SS document should be prepared specifi cally for each individual large 
package (e.g. NI, TI, BOP, civil works) making up the complete plant. 
This SS document shall describe the scope of supply of the owner, that 
of the supplier and that of other participants for each specifi c large 
package.

 2. As there will be several package suppliers, the overall responsibility of 
defi ning the scope limits (terminal points) for each package, of integrat-
ing all packages, of coordinating the various suppliers, and of managing 
and resolving interfaces among project participants remains with the 
owner.

 3. In addition to the establishing the scope of supply and services of the 
owner, the SS document for each package shall clearly specify who is 
responsible for the performance of the following tasks referring to the 
overall project, which are not included in the scope of any of the indi-
vidual packages:
• Overall project management
• Overall project schedule management
• Overall site management
• Overall plant commissioning management
• Licensing support coordination of the entire plant
• Management of interfaces between package suppliers
• Overall plant performance guarantee.

 It is understood that each package supplier will be responsible for the 
project management, scheduling, construction and commissioning of his 
own package. Different package suppliers, as well as all other partici-
pants in the project, should be given a clear understanding of who will 
take overall responsibility for the management and integration of the 
various packages that make up the complete plant. The owner may 
decide to keep for himself the performance of these tasks for the entire 
project or he may hire an architect-engineering fi rm to perform these 
services. The latter, acting as the owner’s engineer, will be responsible 
for overall management and integration of all packages on behalf of the 
owner.
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 4. Here again, the IAEA account system (IAEA, 2000) (or any other 
equivalent account system) provides guidance for the systematic check-
ing of proper assignment to the owner, supplier or other project partici-
pant of all items that should be included in the scope of each package, 
and to ensure that no item has been overlooked.

 5. It is good practice for the SS document to include a requirement of 
‘functional completeness’ for the structures, systems and components 
constituting the package, that is, all piping and cables installed, all con-
nections completed, and all fl uids (oil, water, air, gases) delivered to the 
terminal points at the interfacing conditions agreed, which means that 
all systems and components should be fully operational.

19.7.4 Division of responsibility tables

A practical way of specifying the division of responsibilities (DOR) among 
project participants is to present it in table form, with a row for each scope 
item, listed as per the IAEA Account System (IAEA, 2000), for example. 
Depending on the contract approach selected by the owner, this can be 
done for the complete plant, separately for each of the main packages in a 
split-package contract, or for each of the main packages or items in a multi-
package (i.e. ‘by components’ contract approach).

Table columns with specifi c headings allow allocation of responsibilities 
to the different project participants, who are designated by initials or acro-
nyms indicated in the table layout (e.g. owner (o), plant/package supplier 
(s), civil works supplier (cv)). Following is a list of typical column headings 
to allocate the scope of supply and responsibilities:

• Input data
• Conceptual design
• Basic design
• Detail design
• Equipment procurement and supply
• Construction (civil works and erection)
• Testing and commissioning.

A last column entitled ‘Remarks’ provides space to include notes and clari-
fi cations to the responsibility allocation, when required.

19.7.5 Spare parts, special tools and consumables

The scope of supply for spare parts, special tools and consumable materials 
shall be specifi ed in the SS document. The supplier shall be requested to 
provide all spare parts, special tools and consumables required for the 
installation, testing, commissioning and operation of the systems and 
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equipment included in his scope of supply until fi nal plant takeover by the 
owner. The bidder shall provide with his bid a list of recommended spare 
parts and special tools for the period extending up to takeover. Should 
additional spare parts or special tools that were not included in this list be 
required, for any reason, before plant takeover, they shall be furnished by 
the supplier at no extra cost.

The supplier shall also be requested to include in his bid another list of 
spare parts and special tools (indicating unit prices, quantity and delivery 
times) that will reasonably be necessary to ensure a number of years of 
normal plant operation (e.g. 3, 5 or 10 years). The owner may decide to 
request the submittal of separate lists, one for each specifi c period, to facili-
tate the evaluation and decision-making process.

The bidder shall also guarantee the availability and delivery of the spare 
parts for a reasonable number of years; in the event of a particular spare 
part or special tool becoming unavailable before the end of this period (e.g. 
production has been discontinued or the manufacturer has gone out of 
business), the owner should have the right to use all drawings and specifi ca-
tions relating to this item to procure it on the market.

19.7.6 Nuclear fuel scope of supply

A section of the SS document should be dedicated to specifying the scope 
of supply for nuclear fuel and associated services. Alternatively, this portion 
of the scope could be included in the nuclear fuel (NF) document of the 
BIS, which would be a comprehensive, self-supporting document dedicated 
entirely to the scope of supply and services, technical requirements and 
commercial conditions for nuclear fuel.

Standard practice is to request the following from the complete plant 
supplier (turnkey approach), from the nuclear island supplier (split-pack-
age approach) or from the NSSS supplier (multi-package approach):

• The fi rst (initial) core loading, which should include:
– Design, procurement and shipment of materials required for the 

fabrication and delivery to site of complete fuel assemblies and core 
components necessary for the fi rst core loading of the reactor

– Fuel services for the fi rst core loading, including licensing documen-
tation; transportation to site; supervision of fuel handling and loading 
into the reactor by the owner’s staff; provision of procedures, special 
equipment and training for the owner’s inspection and acceptance of 
fuel assemblies and core components at site; technology transfer to 
the owner for core design and reload safety evaluation; provision to 
the owner of all fuel assembly and core design documentation, 
including design basis, nuclear physics, mechanical and thermohy-
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draulic design documents; provision to the owner of all necessary fuel 
data for him to achieve fuel procurement from third parties, if he 
should so decide in the future; and supply of all quality assurance 
and quality control manuals, procedures and records related to the 
nuclear fuel supply.

• Investment for reload batches. As an option, the bidder is usually 
requested to submit a proposal for the provision of a limited number of 
reload batches (usually two or three, sometimes more), suffi cient for the 
owner’s fuel specialists to familiarise themselves with the nuclear fuel 
and reactor core design and gain suffi cient knowledge to decide whether 
to continue with the original fuel supplier or purchase it on the market 
from third parties. An alternative to requesting a specifi c number of 
reload batches consists in requesting the supply of reload batches neces-
sary for a given period of operation (e.g. 4 or 5 years), after which 
familiarisation is expected to be achieved.

• Together with each subsequent reload, the supplier is normally requested 
to provide the associated fuel management services (e.g. core design, 
safety analysis, reload licensing).

19.7.7 Scope of supply for technology transfer

If the owner requires the supplier to provide technology transfer services 
in specifi c areas of the nuclear plant project, this should be indicated in a 
specifi c section of the SS document, which could include typical scope items 
such as training in accident analysis, training in probabilistic safety analysis, 
training in specifi c computer code applications and software modifi cations, 
to name a few.

19.7.8 Options

The SS document should have a section specifying the scope options that 
the owner requires from the bidder. The owner reserves the right to exercise 
each option, once it has been technically and fi nancially evaluated. Options 
are a way for the owner to explore the convenience of including in the sup-
plier’s scope certain technical solutions for the structures, systems and 
components, or to modify the scope boundaries and make the decision at 
a later stage, once bidder information is available and has been evaluated.

This section should also make provisions for the inclusion of options 
proposed at the bidder’s initiative. It may count on technical alternatives 
prepared by the bidders to the technical requirements specifi ed in the BIS.

The owner should make it clear to the bidders that they should be com-
mitted fi rst and foremost to complying with the BIS requirements, before 
any options be considered (be they requested by the owner or proposed by 

�� �� �� �� ��



638 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

the bidder as technical alternatives). Otherwise these options or alterna-
tives would be considered as exceptions to the BIS.

Bidders shall also be requested to submit complete technical information 
in their bids regarding options and alternatives, to facilitate evaluation by 
the owner.

19.8 Technical requirements

The technical requirements (TR) document is where the owner specifi es 
the technical requirements applicable by the supplier to the plant design, 
licensing, procurement, construction, commissioning, operation and main-
tenance, and which shall be taken into account by the bidders in the prepa-
ration of their bids.

19.8.1 Main topics

The main topics addressed in the TR document are as follows:

• Applicable codes, standards and regulatory requirements
• Licensing requirements and procedures
• Site data, including geography and topography, geology, geotechnical 

and seismic information, methodology and environment (including site 
ambient and cooling water temperatures and humidity), demography, 
site access

• Design criteria and requirements for all project disciplines (e.g. civil–
structural, mechanical, electrical, instrumentation and control, radiation 
protection, nuclear safety)

• Material requirements
• Requirements and specifi cations for plant structures, systems and 

equipment
• Power grid requirements
• Construction and erection
• Plant operation and maintenance
• Nuclear fuel requirements, including length of fuel cycle, spent fuel 

storage, refuelling operations
• Plant simulator requirements
• Personnel training.

19.8.2 Document structure

The TR document structure depends on the contract approach selected by 
the owner:

• Under a complete plant approach on a turnkey basis (NI + TI + BOP), 
it is suffi cient to prepare one TR document, where the requirements can 
be organised as follows:
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– General requirements (applicable to the NI, TI and BOP)
– NI technical requirements
– TI technical requirements
– BOP technical requirements.

• Under a split- or multi-package approach (e.g. NI, TI and BOP sepa-
rate), preparing a specifi c TR document for each large package to be 
contracted separately (e.g. one for the NI, one for the TI and one for 
the BOP) results in a more practical and clearer procedure for the 
bidder. It is also possible to combine packages, for example in the case 
of BOP being contracted as part of the TI package, in which case a single 
document is prepared for both. Each of the separate TR documents 
should be self-standing, containing all the technical requirements appli-
cable to the package, without need to refer to another TR document.

19.8.3 Preparation guidelines

Today the nuclear industry avails of two valuable documents that can be 
used as a reference when writing up the technical requirements for a new 
nuclear plant: the European Utility Requirements (EUR) for LWR Nuclear 
Power Plants in Europe (EUR, 2004, accessed 2011), and the EPRI Utility 
Requirements Document (URD) for Next Generation Nuclear Plants in 
the United States (EPRI, 2011). These are briefl y outlined below.

European Utility Requirements (EUR)

The EUR document was developed by a number of European utilities, to 
establish a set of common voluntary requirements for the design of future 
LWR power plants in Europe. This document can also be applied to a wider, 
international market.

Some of the expected EUR application benefi ts are:

• Improved acceptance from the public and the authorities, achieved by 
using common technical solutions and common safety approaches

• Boosting nuclear energy competitiveness by controlling investment 
costs through the prescription of design standardisation and simplifi ca-
tion, and by setting ambitious plant performance and maintenance cost 
reduction targets.

The EUR is structured into four volumes:

• Volume 1, ‘Main policies and objectives’, outlines the major objectives 
of the EUR organisation and the main policies laid down in the EUR 
document for future nuclear power plants, in aspects such as plant 
design, safety and licensing, standardisation, operational targets and 
economic objectives. It also summarises the most important require-
ments of Volumes 2 and 4.
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• Volume 2, ‘Generic nuclear island requirements’, includes all the generic 
requirements and European utility preferences for the NI, which are not 
related to any specifi c design. Requirements are organised by chapters 
according to specifi c topics, as follows: safety requirements; performance 
requirements; grid requirements; design basis; codes and standards; 
material-related requirements; functional requirements: components; 
functional requirements: systems; containment systems; instrumentation 
and control and man–machine interface; layout rules; design process and 
documentation; constructability; operation, maintenance and proce-
dures; quality assurance (QA); decommissioning; probabilistic safety 
analysis (PSA) methodology; performance assessment methodology; 
and cost assessment information requirements.

• Volume 3, ‘Application of EUR to specifi c designs’, is divided into a 
number of subsets. Each subset is dedicated to a specifi c design which 
is of interest to the EUR utilities. The volume contains a description of 
a standard NI, a summary of the analysis of compliance as compared to 
EUR Volumes 1 and 2, and, where needed, design-dependent require-
ments and preferences of the EUR utilities.

• Volume 4, ‘Power generation plant requirements’, outlines the generic 
requirements in relation to the power generation plant (i.e. the turbine 
island).

Utility Requirements Document (URD)

The URD presents a clear and comprehensive set of utility requirements 
for the next generation of nuclear power plants using LWRs in the USA. 
It was developed in the USA with the management and coordination of the 
Electric Power Research Institute (EPRI) and under the leadership of a 
group of American nuclear utilities. Some international utilities also took 
part in the development effort.

The URD consists of four volumes:

• Volume 0 is an ‘Executive Summary’.
• Volume I summarises the US ALWR Program policy statement and 

top-tier requirements. Policy statements are formulated for the follow-
ing key areas:
– Simplifi cation; design margins; human factors; safety; design basis 

versus design margins; regulatory stabilisation; standardisation; 
proven technology; maintainability; constructability; quality assur-
ance; economics; sabotage protection; and good neighbour policy.

 Top-tier requirements cover the following areas:
– General design requirements; safety and investment protection; 

plant performance; design process; constructability and economics.
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• Volume II presents a complete set of both top-tier and detail require-
ments for evolutionary-type advanced light water reactors (ALWRs).

• Volume III provides a comprehensive set of top-tier and detail require-
ments for passive-type ALWRs.

The above Volumes II (Evolutionary ALWRs) and III (Passive ALWRs) 
each contain 13 chapters, as follows: (1) Overall requirements, defi ning 
common requirements applicable to a number of plant systems; (2) Power 
generation systems; (3) Reactor coolant system and reactor non-safety 
auxiliary systems; (4) Reactor systems; (5) Engineered safety systems; 
(6) Building design and arrangement; (7) Fuelling and refuelling; (8) Plant 
cooling water systems; (9) Site support systems; (10) Man-machine interface 
systems; (11) Electric power systems; (12) Radioactive waste processing 
systems; and (13) Turbine-generator systems.

19.8.4 Practical recommendations

One practical approach to preparing the TR document of the BIS for a light 
water reactor (LWR) plant consists in selecting either the EUR or URD as 
a reference and closely following the document selected as a model for 
organising and redacting the TR document. If the plant is to be built in 
Europe, the logical choice is to use the EUR as a reference; for a plant in 
the USA, it seems reasonable to follow the URD. The choice is no longer 
as clear-cut for other countries: the owner will have to decide which refer-
ence document (EUR or URD) is the most suitable to his own preferences 
and criteria as a utility, and to the regulatory requirements applicable in his 
country.

Neither the EUR nor the URD are actually specifi cations of technical 
requirements to purchase a nuclear power plant. They both constitute a set 
of functional requirements and design objectives with which the European 
and American utilities that are writing and promoting them would like new 
plants to comply.

The following procedure is suggested (note: if suggested by the author, 
it should be clearly specifi ed; if taken from a reference, it should be included) 
to convert the EUR or URD into an actual set of technical requirements 
for BIS to purchase a new nuclear plant:

 1. Choose which of the two (EUR or URD) will be used as a reference 
document.

 2. Use the table of contents, structure and wording as a starting point.
 3. When a given requirement, design criterion, objective, data or limit 

value in the text does not comply with the requirement of the country’s 
regulatory authorities, replace or modify the original wording of the 
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reference document as necessary to refl ect the applicable regulatory 
requirement.

 4. Modify and/or complement the original wording of the reference docu-
ment with the owner’s requirements that refl ect its own preferences and 
practices as a utility with experience in the construction, operation and 
maintenance of power generating plants.

 5. Introduce additional technical requirements for structures, systems and 
equipment design, materials, fabrication and testing that are more in line 
with the actual specifi cations of the owner for a power plant, thereby 
transforming a reference document featuring basic design objectives 
and functional requirements into an actual procurement specifi cation 
for the plant.

The above procedure is illustrated by the following example: the owner 
selects the EUR as a reference to prepare the TR document for a complete 
plant (NI + TI − BOP) to be supplied under a turnkey contract. The TR 
document would likely be organised as follows:

• Part 1: Main policies and objectives. This part closely follows EUR 
Volume 1 and specifi es the main design, construction and operation 
policies and design aspects required by the owner at the overall plant 
level.

• Part 2: Nuclear island requirements. This part specifi es the owner’s tech-
nical requirements for the NI. It should follow the same structure and 
contents by chapters as EUR Volume 2. Some of the NI chapters (e.g. 
codes and standards, material-related requirements, components and 
systems, constructability) may be common to the NI (Part 2) and power 
generation plant (TI) in Part 4 and written as such, thereby avoiding the 
need to repeat the same requirements in Part 4.

• Part 3: Nuclear fuel requirements. This part contains all the technical 
requirements specifi cally addressing nuclear fuel supply and manage-
ment services.

• Part 4: Turbine island requirements. This part includes the technical 
requirements specifi c to the power generation plant (that is, the turbine 
island). It may also include requirements for the BOP outside NI and 
TI. The structure and contents of Part 4 could follow those of EUR 
Volume 4. As mentioned above, some of the chapters in Part 2 may be 
common to the NI and TI; such commonality should be taken into 
account when writing the chapters for the NI.

19.9 Project implementation

In the project implementation (PI) document, the owner specifi es the 
requirements for implementing the project. To this end, the PI document 
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should describe the project management and organisational, quality and 
environmental management, project planning and scheduling, project risk 
evaluation, project control, engineering and design management, procure-
ment and supply chain management, project documentation, information 
management system (IMS) and project communication requirements which 
the bidder is required to follow to carry out the contract.

Preparing a good and complete PI document will increase the probability 
of having a well-organised project. The following paragraphs outline the 
proposed contents for the PI document.

19.9.1 Project management and organisation

This describes the owner’s project implementation model, the requirements 
for the project organisation and management manual to be prepared by the 
bidder, a description of the owner’s organisation, the requirements for the 
vendor’s organisation, the assignment of key organisational responsibilities, 
a description of the licensing process to be followed and a defi nition of 
licensing responsibilities. This section could conclude with a description of 
the risk management system to be applied to the project.

19.9.2 Quality and environmental management, 
occupational health and personnel safety

This section establishes the codes, standards and regulations applicable to 
the quality and environmental management system to be applied in the 
project. It should also require and provide instructions to the vendor for 
the preparation of his general quality assurance and environmental man-
agement plan (GQAEMP) for the project, structured and organised to 
cover the topics defi ned in the applicable quality and environmental codes 
and standards. The vendor should be required to identify, prepare and 
provide the project procedures applicable to each of these quality assurance 
and environmental (QAE) topics. The vendor shall be requested to enforce 
the application of the GQAEMP by his subcontractors. Other subjects to 
be covered in this section are the owner’s requirements concerning quality 
audits, inspections and reports, and the disposition of non-conformances 
and of corrective actions in the project. Finally, this section should also 
contain the requirements for the preparation by the vendor of the occupa-
tional health and personnel safety plan for the project.

19.9.3 Planning and scheduling

This section should defi ne the plant delivery schedule expected by the 
owner, indicating main milestones for the project, from contract signature 
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and notice to proceed (NTP) through provisional acceptance of the plant 
and commercial operation date, up to fi nal plant acceptance at the end of 
the guarantee period.

Other main subjects to be covered here are the planning and scheduling 
preparation criteria and schedule preparation software tools to be used; 
required scheduling levels (e.g. level 1, level 2 and level 3 schedules, each 
of them featuring an increasing level of detail and a progressive number of 
activities); integrated overall project schedule, as well as a schedule for each 
of the main project phases (e.g. design, licensing, equipment procurement, 
construction and commissioning phases).

19.9.4 Project control

The requirements for adequate project control by the owner should be 
established in this section. Subjects to be covered are schedule updating 
and periodic submittal procedures; project progress control and prepara-
tion guidelines for project progress reports, indicating the minimum infor-
mation to be included and the frequency of submittal; control of project 
design criteria to be prepared by the vendor, and containing the project 
design basis, as well as functional and technical baselines, organised by 
project discipline (e.g. nuclear safety, mechanical, electrical, instrumentation 
and control, civil engineering); licensing and permitting process, covering 
both the nuclear licensing of the facility and the conventional permits to be 
obtained; project design changes and confi guration control requirements; 
description of the vendor’s system for procurement and material manage-
ment, including vendor procedures for requesting bids for the purchase of 
equipment and materials, preparation of subcontract packages, award and 
administration of subcontracts, as well as indication of the procurement 
documentation required both from the vendor and his subcontractors (such 
as equipment specifi cations, inspection plans, test procedures, quality 
reports, manufacturing schedules); control and follow-up of subcontractors; 
and traceability system implemented to follow up on the procurement 
process, and how it should be supported by an information management 
system accessible to the owner.

19.9.5 Engineering and design management

Requirements regarding the supplier’s engineering organisation, engineer-
ing and design process, design interfaces management, use of computer-
assisted design (CAD) software and tools, project design manual, review 
and approval of design documentation by the owner and other aspects 
related to the management of the project engineering process will be speci-
fi ed in this section.
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19.9.6 Procurement and supply chain management

This section should specify the requirements for the procurement process, 
formation of the supply chain for the project, use of subcontractors (i.e. 
from a list of owner-approved subcontractors), inspection plans, approval 
of manufacturing procedures, and project procurement procedures manual.

19.9.7 Project risk evaluation

This section should specify the requirements concerning the economic and 
fi nancial aspects, as well as project scheduling and development, and other 
relevant information required by the vendor for the preparation and peri-
odic updating of a project risk evaluation report, enabling the owner to 
assess the risk status of the project throughout its duration.

19.9.8 Project documentation

This section of the PI document includes requirements on the documenta-
tion to be submitted with the bid by the vendor; the list of project document 
types to be submitted to the owner’s review and/or approval; the require-
ments for the preparation of the list of project documents, grouping docu-
ments by project phase (e.g. design, procurement, construction, testing and 
commissioning, plant operation and maintenance); a description of the 
owner’s review and approval process for project documentation; document 
formatting and submittal requirements (e.g. electronic and/or hardcopy, 
format); specifi c requirements for the vendor’s documentation concerning 
package plants; and fi nal project documentation to be handed over to the 
owner by the vendor for project records and plant operation and 
maintenance.

19.9.9 Information management system

The information management system (IMS) describes the owner’s minimum 
requirements to be used by the vendor during the design, procurement, 
construction, testing and commissioning stages of the project. This may 
include specifi c requirements, such as the use of certain software applica-
tions and databases to ensure compatibility with the owner’s system and 
eventual transfer of project information for use during plant operation and 
maintenance, once construction is completed by the vendor. Special care 
should be taken in identifying which information in the vendor’s databases 
is to be made accessible to the owner at all stages of the project, so as to 
facilitate project control and monitoring by the owner.

�� �� �� �� ��



646 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

Another signifi cant aspect of the vendor’s IMS that requires close atten-
tion in this section of the PI document is the software tools that the vendor 
intends to use at the design stage for the performance of engineering and 
design activities such as 3D modelling of structures, preparation of HVAC 
ductwork and cable raceway layouts, production of piping and instrumenta-
tion diagrams (P&IDs), schematic and wiring diagrams, piping isometrics, 
engineering of component databases, and computer codes for engineering 
calculations, to ensure smooth transferral to the owner at the end of the 
project and future use in plant modifi cations and upgrades during the 
operation phase.

19.9.10 Project communications

This section is dedicated to laying out the owner’s requirements for com-
munications among project participants. The main topics to be addressed 
are requirements for written communications, correspondence fi ling and 
coding system, correspondence distribution criteria, record keeping, quality 
assurance requirements for the transmission of quality-related design data, 
and record of correspondence pending answer.

19.10 Technical data sheets

The technical data sheets (DS) document consists of a set of data sheets 
summarising the following information in a table:

• The main technical requirements specifi ed in the TR, NF and PI 
documents

• The main technical data for plant structures, systems and components.

The table format usually presents the information in the following manner: 
in the left-hand column, the owner briefl y sums up the key technical require-
ments for which a summary answer is requested from the bidder (to be 
included in the right-side column, left blank). This table is to be completed 
by the bidder directly and included in his bid.

It should be noted that data sheets are only a summary of technical 
features and data presented in an organised and systematic manner, for 
the purpose of obtaining, in addition to the bids: (a) answers from all the 
bidders organised in the same fashion; (b) a quick understanding of the 
compliance of each bidder with key requirements; and (c) a consistent tabu-
lation of plant data to facilitate bid evaluation. Thus it is understood that 
more detailed information regarding plant design and features is to be 
found in the technical descriptions, drawings and data included by the 
bidder in other parts of the bid.
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It is advisable for the technical data sheets to be organised into three sets, 
as follows:

 1. Data sheets covering the main data at the overall plant level, to provide 
a quick overview of plant design parameters and features.

 2. Data sheets addressing compliance with the main top-level design 
objectives as they are specifi ed in the BIS and organised by project 
discipline (e.g. licensing and regulations; nuclear safety; civil–structural; 
NSSS; systems and equipment; turbine-generator and steam cycle; rad-
waste systems; electrical systems; I&C; BOP; project implementation).

 3. Data sheets listing the main technical data (i.e. performance, design 
conditions, operating conditions, materials, quality classifi cation, codes 
and standards, etc.) of main plant structures, systems and components. 
This third set of technical data sheets can be organised as follows: NSSS 
systems and components (e.g. reactor pressure vessel, steam generators, 
main coolant pumps); emergency core cooling systems (ECCS); reactor 
auxiliary systems, containment systems, nuclear fuel supply and han-
dling; radwaste systems; plant auxiliary systems; electrical systems; I&C 
systems; turbine-generator and auxiliaries; steam-cycle systems (main 
steam, feedwater, condensate, etc.); and cooling water system.

19.11 Draft contract

19.11.1 General

The draft contract (DC) document constitutes the draft of the fi nal contract 
proposed by the owner and which he intends to sign with the selected 
bidder. Again in this case, if the contract concerns the turnkey purchase of 
a plant (single-package approach), there will be one main contract; in the 
event of a multi-package (two or more) approach, a separate contract will 
be drafted for each package included in plant procurement.

The DC document should basically contain:

• The owner’s proposed terms and conditions for the fi nal contract, cover-
ing all the legal, administrative, organisational, technical, economic, 
fi nancial and commercial aspects of the transaction that require agree-
ment between the owner and the successful bidder in the fi nal 
contract

• The identifi cation of the ‘contract documents’, that is, all the documents 
that will form part of the fi nal contract, listed in the order of precedence 
to be applied vis-à-vis one another in case of discrepancy.

Far from being a matter exclusively for engineers or for lawyers, 
the preparation of the terms and conditions should preferably involve a 
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multi-disciplinary team of experts for the technical aspects, lawyers for the 
legal aspects, as well as experts for licensing and permitting, insurance and 
fi nance. Including the participation of a lawyer (or lawyers) familiar with 
the laws of the owner’s country and with international contracting is espe-
cially advisable.

As regards nuclear fuel, a single contract may be devised for both the 
plant and the nuclear fuel, or separate contracts may be prepared for the 
plant supply and for the nuclear fuel. The latter approach is more 
frequent.

19.11.2 Contract documents

As seen above, the contract is made up of several ‘contract documents’ that 
should ideally be listed and defi ned in the DC document. A typical structure 
and contents of plant contract documents is given below:

 1. Contract agreement.
 2. Terms and conditions, as well as the following appendices:

Appendix I: Price
Appendix II: Price escalation formula
Appendix III: Payment schedule
Appendix IV: Contract guarantees
Appendix V: Contractual project schedule
Appendix VI: Advance payment guarantee
Appendix VII: Contract performance guarantee
Appendix VIII: Warranty period guarantee
Appendix IX: Parent company guarantee
Appendix X: List of approved subcontractors
Appendix XI: Supplier’s consortium/JV agreement (if applicable).

 3. Owner’s specifi cations, comprising:
– Scope of supply (SS) document
– Technical requirements (TR) document
– Project implementation (PI) document
– Technical data sheets.

 4. Other complementary documentation agreed by the parties to form part 
of the contract.

In case of discrepancy between any of the contract documents, the following 
order of precedence shall prevail:

 1. Contract agreement
 2. Terms and conditions with their appendices
 3. Owner’s specifi cations
 4. Supplier’s technical bid
 5. Supplier’s information and qualifi cation documents.
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In principle, the preparation of terms and conditions for contracting a 
nuclear power plant bears a certain similarity to their preparation for pur-
chasing a conventional fossil-fi red or combined cycle power plant. The 
structure and contents are similar, although there are a number of issues 
that are specifi c to nuclear power and thus require special attention and 
treatment.

A typical table of contents for the terms and conditions to be prepared 
and presented to the bidder in the DC document of the BIS is shown below:

 1. Introduction
 2. Defi nitions and interpretation
 3. General contract provisions
 4. Mandatory law, requirements of the authorities, and codes and 

standards
 5. Purpose of contract and scope of supply
 6. Licensing
 7. Quality and environmental management
 8. Project documents
 9. Contract price
 10. Revision of contract price
 11. Terms and schedule of payments
 12. Payment execution
 13. Contract variations
 14. Confi dentiality and intellectual property
 15. Risk and title
 16. Liabilities
 17. Insurance
 18. Project schedule and delays
 19. Testing, commissioning and provisional takeover
 20. Warranties and performance guarantees
 21. Owner’s acceptance and fi nal takeover
 22. Force majeure
 23. Owner’s personnel training
 24. Rejection and termination of contract
 25. Governing law
 26. Settlement of disputes
 27. Notices
 28. Joint and several liabilities (when the supplier is a consortium or JV)
 29. Contract assignment and subcontracting
 30. Spare parts
 31. Other miscellaneous conditions
 32. Severability
 33. Survival of obligations
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 34. Relationship of the parties
 35. Entire agreement and contract amendments
 Appendices:
 I. Price
 II. Price escalation formula
 III. Payment schedule
 IV. Contract guarantees
 V. Contractual project schedule
 VI. Advance payment guarantee
 VII. Contract performance guarantee
 VIII. Warranty period guarantee
 IX. Parent company guarantee (if applicable)
 X. List of approved subcontractors
 XI. Supplier’s consortium/JV agreement (if applicable)

The bidder shall be requested in the BIS to specifi cally declare compli-
ance with the proposed draft contract or to submit a list of exceptions and 
comments to it, to be discussed during contract negotiation and presumably 
leading to an agreement between the owner and the bidder regarding the 
fi nal version of the contract.

19.12 Commercial conditions

The commercial conditions (CC) is the BIS document in which the owner 
establishes the information required from the bidder as regards prices, price 
breakdown, price escalation formulae, payment terms and schedule, and 
other commercial conditions for the scope of supply and services offered.

The owner must request all information regarding prices and commercial 
conditions to be provided in suffi cient detail to facilitate the economic and 
fi nancial evaluation of the bids and to serve as the basis for establishing the 
commercial conditions of the contract.

19.12.1 Prices and price breakdown

The bid prices quoted by the bidder for the scope of supply and services 
offered are usually referred to as ‘base bid prices’. They can be fi xed, fi rm, 
unit prices or just budgetary/estimated prices, which the bidder shall indi-
cate in his bid.

A fi xed price is binding on the bidder if it is accepted by the owner during 
the bid validity period. However, it is not subject to adjustment as a result 
of escalation and is based on the delivery of the item at the commercial 
operation date (COD) of the plant.

A fi rm price is also binding on the bidder if it is accepted by the owner 
during the bid validity period and is subject to adjustment as a result of 
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escalation. The bidder shall include in his bid the escalation formula appli-
cable to each fi rm price.

The bidders will be requested to submit a price breakdown in their bid. 
The level of price breakdown should be suffi cient to enable fi nancial evalu-
ation of the bid and its comparison with other bids. The IAEA accounts 
system (IAEA, 2000) provides good guidance regarding price breakdown 
level. The bidder’s price breakdown schedule should clearly indicate the 
kind of price associated with each scope package or item: whether it is fi xed 
price not subject to escalation, fi rm price subject to escalation, unit prices, 
budgetary prices, or any other price category foreseen in the CC document. 
In summary, the bidder shall specify which part of the bid is quoted fi xed 
price, which part is fi rm price with escalation and which parts are quoted 
in other price categories.

When it comes to price breakdown, it should be understood that bidders 
may be reluctant to provide a high level of detail in the segregation of the 
bid price. Scope packages or items quoted as fi xed/fi rm prices should require 
no breakdown or a small one. A reasonable and practical level of price 
breakdown that can be requested from the bidder is to indicate the price 
for each major account (for example, for each two-digit or three-digit 
account) of the IAEA accounts system (IAEA, 2000).

For scope packages and items quoted as non-fi xed/fi rm prices, the owner 
should request from the bidder a higher level of detail for the price break-
down, to set the basis for negotiations.

Following are some aspects to be considered when specifying the level 
of price information to be provided by the bidder:

• The price breakdown should make it easier to evaluate and compare 
bids.

• Price segregation should always permit the application of the different 
price escalation formulae for adjustment of the base price offered in the 
bid.

• Prices should distinguish the portion of the scope offered in foreign 
currency (or currencies) from that quoted in local currency, to enable 
evaluation of exposure to foreign currency exchange risk.

• Prices should indicate the portion (%) corresponding to local supply 
and services, to enable calculation of the local participation offered by 
the bidder.

• Prices for scope packages or items sourced from different countries 
could be quoted in the currency of the country of origin of the supply, 
in the currency in which the bidder wishes to be paid, in which case the 
portion (%) offered in each currency should be indicated to enable 
calculation of the owner’s exposure to foreign currency exchange risk. 
The bidder may also be requested by the owner to quote everything in 
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a single currency, in which case the fl uctuation in the exchange rates 
with respect to the common currency will be at the bidder’s charge.

• Prices should preferably be presented in tabular form, with a row 
assigned to each scope item for which a segregated price is offered. 
Typical column headings of the price table are scope item number and 
description, price type (e.g. fi xed/fi rm, unit price, budgetary price), per-
centage of price in foreign and/or local currency, and remarks (if 
necessary).

19.12.2 Price revisions

As indicated above, the base prices quoted may be fi xed and not subject to 
escalation, or fi rm and subject to escalation, or any other type of non-fi xed/
fi rm price. The owner shall specify in the CC document of the BIS his 
requirements concerning the methodology and price adjustment formulae 
to be proposed by the bidder. Typically there should be more than one price 
adjustment formula. For example, there can be:

• One price adjustment formula for the revision of the base price of scope 
items associated with the delivery of services for which only labour cost 
indices will be used

• One (or more) price adjustment formula for the revision of base 
prices quoted for the scope of supply items involving manufacture or 
construction, for which both labour and material cost indices will 
have to be considered in the formula. More than one material cost index 
may also be included in the formula, when different categories of mate-
rials having differentiated cost variation over time are used in the 
manufacture.

The labour and material cost indices used in the price adjustment formu-
lae shall be those published by an offi cial institute of the country of refer-
ence and should have a long record of publication (at least 10–15 years). 
Should any index be discontinued, the index which offi cially replaces the 
discontinued one shall be applied from then on; when there is no index to 
offi cially replace the discontinued one, the owner and the successful bidder 
(the contractor) shall agree on the selection and application of another 
existing and widely recognised index that refl ects as closely as possible the 
same items and provides results similar to those of the original index.

19.12.3 Terms of payment

In the CC document, the owner shall request the bidder to submit a payment 
schedule, clearly indicating the amount of the advance payment (if so 
requested by the bidder) and of the payments linked to the fulfi lment of 
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each milestone listed in the payment schedule. The owner may wish to 
specify in the BIS project milestones that should be complied with as a 
minimum to receive partial payment. Payment milestones should be linked 
to a representative delivery or measurable project progress, and should also 
ensure the owner that payments made are commensurate with actual 
project progress.

Payments to be made upon fulfi lment of a milestone should be differenti-
ated according to whether they are made in local or foreign currency.

Finally, the owner should establish in the DC document of the BIS all 
the detailed contractual conditions regarding payment, such as payment 
currency, advanced payment guarantee, criteria to be applied in case of 
delayed payment, failure to make a payment by the owner, disputes con-
cerning payment, invoicing rules, form and place of payment after invoicing, 
and setting-off.

19.13 Financing requirements

If fi nancing is required by the owner for the project, the owner may decide 
to arrange it directly with the fi nancing institutions, or he may wish to 
request the bidders to submit proposals for fi nancing arrangements together 
with their bids for plant supply.

The owner may have developed plans to fi nance the whole, a substantial 
part or just a portion of the project (for example, the foreign components 
of the bidder’s scope of supply, including nuclear fuel). Whatever the plans 
and expectations of the owner regarding project fi nancing, the BIS should 
clearly indicate whether fi nancing is required to be provided or arranged 
for by the supplier.

The purpose of the FR document of the BIS is to specify:

• The scope and conditions of the fi nancing required by the owner to be 
provided or arranged by the supplier

• The information that, as a minimum, shall be submitted by the bidder 
in his fi nancing proposal to provide clear understanding of the fi nancing 
conditions offered and facilitate the owner’s evaluation.

The fi nancing institutions (lenders) with whom the bidder has arranged 
the requested fi nancing scheme shall present a complete fi nancing proposal 
including all the information requested by the owner; this document shall 
be submitted together with the plant supply proposal prepared by the 
bidder.

The FR document should request the bidder to describe, in his fi nancing 
proposal, the fi nancing instruments and approach that he intends to use 
(such as export credit fi nancing, co-fi nancing, multi-country fi nancing, and 
supplier’s credit).
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Export credit fi nancing (buyer’s credit) is a common approach in the 
fi nancing of nuclear projects. The following paragraphs indicate the typical 
information that the owner should request in the fi nancing proposal in case 
this fi nancing approach is selected.

19.13.1 Typical fi nancing information to be provided 
by the owner

The typical information that must be supplied by the owner in the FR docu-
ment when the buyer’s credit approach is applied is as follows:

• Name of project
• Country of project
• Buyer and borrower identifi cation
• Guarantor (if any)
• Financing project description
• Scope of fi nancing required. For example, if fi nancing is requested only 

to cover the foreign contents of the scope of supply:
– Portion of the bid scope and price for which fi nancing is required
– Financing of escalation and interest during construction
– Financing of export credit agency (ECA) insurance premium
– Financing of charges and fees

 Portions of the above-indicated items to be fi nanced through a buyer’s 
credit insurance of the ECA or the exporting country and portions to 
be fi nanced through a commercial loan

• Currency(ies) of the credit
• Starting date of the credit (typically the day of provisional takeover)
• Repayment terms.

19.13.2 Typical fi nancing information to be provided 
by the bidder

Typical information to be requested by the owner in the FR document for 
submittal with the fi nancing proposal, for each fi nancing source, when the 
buyer’s credit approach is applied is as follows:

• Source of fi nancing
• Amount of loan
• Currency(ies) of the loan(s)
• Arranger and agent
• Lender(s)
• Drawdown period
• Grace period
• Starting date for repayment
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• Payment schedule
• Payments, amortisations and interest rates
• Insurance premiums
• Financing of charges and fees
• Expenses
• Taxes
• Governing law
• Other terms and conditions.

The requested validity period of the fi nancing proposal shall be at least the 
same as that of the commercial proposal submitted by the bidder for his 
scope of supply.
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Abstract: This chapter addresses the need for licensing of nuclear power 
plants, and how such licenses can be requested by an applicant and 
granted by a regulatory authority. The licensing process is country 
dependent, although based on the common principle that the applicant 
must demonstrate that the proposed nuclear power plant will comply 
with the established regulations, and that it will operate safely without 
undue risks to the health and safety of plant personnel, the population 
and the environment. During the construction and operational phases 
the regulatory authority ensures compliance with the the license 
conditions through evaluation, monitoring and inspection. The license 
may be a single document covering all the phases in the life of the plant, 
or a set of consecutive documents requested and issued for different 
phases, which may include design certifi cation, site approval, design and 
construction, commissioning and operation, design changes during 
operation, life extension and, fi nally, decommissioning.

Key words: site license, construction license, commissioning license, 
operating license, decommissioning license, design certifi cation, license 
renewal.

20.1 Introduction

Nuclear power plants and related fuel cycle installations and activities are 
built and put into operation because they offer advantages for the global 
need for electricity generation. However, these installations and activities 
have a potential to create radiation risks to the health and safety of the 
population, and to cause radioactive contamination of the environment. The 
need then arises to keep such risks under control and reduce them to 
acceptable levels, while maintaining the economic, environmental, and 
social advantages from such installations and activities. That goal can be 
reached by scientifi c understanding of the phenomena behind such risks 
and implementation of technical measures to overcome them. Although 
much knowledge has already been obtained and relevant technical progress 
has been made and put into practice, as in other similar cases, it has been 
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considered necessary to establish a strict independent licensing system. This 
chapter discusses the meaning and purpose of licensing, and looks at the 
implementation of the licensing process for nuclear power plants.

Licensing of nuclear power plants is a well-regulated activity by which 
the potential licensee submits a proposal in accordance with specifi ed 
requirements. A competent body of experts then verifi es that safety provi-
sions fully comply with the previously established safety requirements. A 
licensing authority makes its decision based on the safety assessment pro-
vided, as well as on other national requirements. There is a large variety of 
national organizational setups dependent on individual countries’ legal 
infrastructures and practices; nevertheless, the licensing principles are 
equivalent. In some cases the expert body and the licensing authority are 
within a single organization, whereas in other cases the licensing authority, 
generally a government authority, is separated from the body of experts. 
Whatever the system, within this chapter, the body of experts and the licens-
ing authority together are referred to as the Regulatory Body (RB).

There are some countries in which a single license, although divided 
into parts, covers all phases in the life of the plant, while others license 
each phase independently. In both cases, well-established steps or parts 
have been defi ned that include the siting, design and construction, 
commissioning, operation and dismantling of a plant. Some countries 
include design approval as a fi rst step of licensing, as well as plant modifi ca-
tions during construction and operation. Some RBs also license several 
types of reactor operating personnel. This chapter includes examples of 
such approaches.

Both the applicants for a license and those who carry out the safety 
review need to have a good knowledge of the nuclear power plant (NPP) 
design and experience of relevant legal, scientifi c and technological issues. 
The applicants need to have a deep knowledge of the safety requirements 
and the technologies to demonstrate compliance with them. Safety review-
ers have to be able to verify that compliance with the regulations has been 
adequately demonstrated. For the fi rst units in new entrant countries, appli-
cants may obtain help from reactor suppliers, while the safety reviewers 
should acquire the needed expertise from the RB of the country of origin 
of the NPP supplier, or from an experienced regulator that has licensed one 
or more NPPs employing the selected technology. In any case, adherence 
to well-proven designs is highly recommended. When new designs are 
employed, they should be thoroughly checked by analysis and testing. This 
chapter also describes the areas in which help from an experienced regula-
tor can be gainfully used by new RBs of new entrant countries.

Safety should not only be achieved in design, siting and construction but 
also be maintained and improved during all modes of operation, including 
commissioning and decommissioning. To achieve this goal, there should be 
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a strong safety culture and positive safety attitude on the part of the licen-
see, and an effi cient and effective nuclear safety overview process by the 
RB with the capability of enforcement in case of deviations from the estab-
lished requirements. Periodic self-evaluations, as well as peer reviews by 
national and international experts, like those conducted under the systems 
in practice by the International Atomic Energy Authority (IAEA) and the 
World Association of Nuclear Operators (WANO), are also helpful in 
achieving and maintaining a high level of safety. The responsibilities and 
major functions and activities to be performed by the licensees and the RB 
are addressed in this chapter.

20.2 The need for licensing

Operation of an NPP generates large quantities of radioactive material 
from the fi ssion of nuclear fuel, and by neutron activation of reactor system 
fl uids (during their passage through the reactor core) and of the structural 
materials in and around the reactor core. The radioactivity so generated 
must be confi ned or disposed of such that it does not cause undue radiation 
hazard to plant personnel, the public or to the environment. This objective 
is achieved by ensuring that the design, construction and operation of the 
NPP is performed using established industry and safety standards, and that 
the NPP is managed and operated by well-trained and qualifi ed personnel 
following laid-down safety guidelines and procedures. As the operation of 
NPPs can pose radiation threats, the public and the environment have to 
be protected against these threats. Governments ensure this protection by 
only allowing the operation of NPPs under formal licenses.

For the purpose of licensing, the RB conducts a thorough review of all 
the phases in the life of the nuclear power plant. This may start with a formal 
appraisal of the technology to be deployed, continuing with an assessment 
of the site characteristics and the design and engineered safety features of 
the selected NPP, as well as specifi cation of the safe operating envelope and 
other licensing conditions for operation of the NPP. The RB also maintains 
a careful oversight during the entire operational phase of the NPP by 
reviewing periodic reports, by making regulatory inspections and by other 
means to ensure that the licensing conditions are being complied with on 
a continuing basis. At the end of the plant’s operating life, the licensee 
ensures that the NPP is maintained in a safe state until its complete dis-
mantling and decommissioning is taken up in accordance with the stipula-
tions made by the RB. Finally, the RB reviews the decommissioning plan 
for the NPP and authorizes it if the requisite safety criteria are met, includ-
ing those for disposal of radioactive waste arising from decommissioning 
activities.
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20.2.1 General considerations

When licensing a nuclear power plant, some general safety considerations 
as well as detailed requirements have to be taken into account. Some of the 
most relevant general considerations are:

• The plant and the site on which it will be built are closely related and 
have a mutual interaction. There should not be any unacceptable adverse 
impact from plant operation on the site and, similarly, no unacceptable 
adverse impacts from site characteristics on the safety of the plant.

• There is assurance of control of reactivity, reactor core cooling and 
containment of radioactivity; these three basic safety functions have to 
be achieved at all times, under all design basis conditions including 
design basis accidents. For beyond design basis accident conditions, it 
should also be possible to control the progression of an accident and 
mitigate its consequences.

• There is a close relationship between the safety of the NPP and the 
persons operating it, i.e., the human–machine interface. It is therefore 
important that the plant is operated by well-trained and qualifi ed per-
sonnel to ensure that the plant operating confi guration and its process 
parameters are kept within the safety envelope and license conditions 
prescribed by the RB.

• Security measures and emergency preparedness plans should be in place 
and tested satisfactorily before nuclear fuel is loaded in the core.

Various other licensing requirements should be clearly prescribed by the 
RB for each one of the phases in the life of the plant. When a license is 
given in sequential steps, each step normally includes an explanation of the 
basic requirements for the following step. Some of these requirements 
include the following:

• The regulatory process for the various stages of licensing of the NPP 
should be clearly laid down by the RB in a formal manner that should 
include a list of technical documents to be submitted by the applicant, 
the lead time for their submission, the list of safety requirements and 
standards to comply with, and the methodology for their detailed review 
within the RB.

• The Site Evaluation Report (SER), the Preliminary Safety Analysis 
Report (PSAR) and the Final Safety Analysis Report (FSAR) are the 
primary documents submitted by the applicant to the RB in support of 
the site, construction and operating license applications, respectively. 
These reports and their supporting technical documents should meet 
the RB’s specifi cations and should be of a high quality and in suffi cient 
detail.
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• The RB should carry out inspections during manufacture of safety-
related components to confi rm that they meet the prescribed standards. 
Likewise, the RB will conduct periodic inspections of the NPP during 
its construction phase to ensure that the construction of the safety-
related systems, structures and components (SSC) meets the safety and 
quality standards.

• On completion of construction, management of the NPP is transferred 
from a construction group to a commissioning and operations group. 
The licensee submits an application to the RB for authorization of 
commissioning activities, according to a well-defi ned sequence and 
detailed procedures for all activities. After a satisfactory review, the 
RB authorizes commissioning. Initial fuel loading in the reactor core 
marks the start of operations and hence needs authorization from 
the RB. At this stage, a complete operational discipline must be in 
force with a full complement of trained and authorized operational 
personnel in position, along with security and emergency plans satisfac-
torily tested and in place. Subsequently, the RB authorizes the raising 
of the reactor power in predefi ned steps, each step being reviewed as 
appropriate.

• During the operational phase of the NPP, the RB reviews periodic 
operational reports, accounts on safety-related incidents and ageing 
status of the SSCs to confi rm that the NPP continues to successfully 
meet the applicable license conditions and current safety standards.

• At the end of its operating life, the NPP is decommissioned, though only 
after the RB issues a license for this purpose after a review of the 
decommissioning plan.

20.2.2 Licensing stages

Each phase in the life of a nuclear power plant requires a license or approval 
from the RB. Table 20.1, derived from Annex 1 in INSAG-22, describes the 
main phases and the safety infrastructure needed by countries to establish 
and maintain a licensing process (INSAG, 2008a). The major phases and 
the corresponding licensing stages for an NPP are the site, construction, 
commissioning, operation and decommissioning licenses. Some of these 
licenses may be divided in sub-stages like ground breaking, fi rst pour of 
concrete, and the erection of major equipment to facilitate working out the 
detailed design in parallel with the civil construction work. In that case, the 
requirements of safety review and submission of technical documents for 
each sub-stage, together with their submission schedule, should be clearly 
specifi ed. Conversely, it may be decided to issue the construction and oper-
ating licenses in one step, in which case the entire design, including its 
details, should be submitted before the start of the review process.
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An operating license is normally issued for the design life of the NPP. 
However, during the long operation period, which may extend to several 
decades, the safety status of the NPP is reviewed from time to time, for 
example by conducting detailed periodic safety reviews. This is to confi rm 
that the NPP, in spite of the ageing of its structures, systems and components 
(SSCs), meets the current safety requirements and is likely to continue to 
do so until the next safety review. Towards the end of the license period, if 
requested by the operating organization, the operating license may be 
extended for a further period provided a detailed safety review clearly 
establishes that the NPP can be operated safely for that length of time.

After the NPP is fi nally shut down at the expiry of the operating license, 
or due to economic or other reasons, there is likely to be a waiting period 
to allow for the natural decay of short-lived radionuclides, to reduce the 
radiation fi elds on the SSCs to make their dismantling, handling, packaging 
and transportation to a radioactive waste disposal site easier. Dismantling 
should never start while fuel is still in the reactor core or in the used fuel 
decay pool, since as long as nuclear fuel is present an NPP is considered 
operational and the relevant licensing conditions continue to apply. Even 
after the fuel is removed from the core and the decay pool, an NPP will 
have to be kept under surveillance to ensure that there is no undue expo-
sure of plant personnel to radiation, and that no unauthorized release of 
radioactivity is made to the environment. The NPP’s license should be 
modifi ed appropriately during such periods.

20.2.3 Licensing models

A large variety of examples of licensing methodologies can be found in 
updates published by the Nuclear Energy Agency (NEA) on analytical 
studies of nuclear legislation in Member States (NEA, 2004). Likewise, 
Chapter 2 of the IAEA Handbook of Nuclear Law (Stoiber et al., 2010) 
recognizes the large variety of regulatory organizations. The Handbook also 
includes recommendations on the establishment of such bodies. For illustra-
tion, three very different and relevant examples are discussed in the 
Appendix in Section 20.10.

20.3 Licensing application and supporting 

technical documents

The licensee is required to prepare an extensive set of documentation cov-
ering all aspects of the plant’s life cycle. Some of these documents are 
mandated by national laws and regulations, while others are required by 
the regulatory body for licensing or in response to specifi c requests. The 
content and number of documents will vary considerably from country to 
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country depending on the national legal and regulatory systems and prac-
tices. However, the IAEA has developed recommendations on the docu-
mentation requirements that provide some common guidance, while 
recognizing that other systems may also be effective (IAEA, 2002a). 
Whatever system is used, the IAEA Guide states that:

The system of regulations should provide advance information to the operator 
on the requirements for each major stage of authorization. This will assist the 
operator to make sound plans and decisions with respect to safety in the siting, 
design, construction, commissioning, operation and decommissioning or 
closure of a nuclear facility.

While it is not possible to cover the specifi c documentation requirements 
that apply to all countries, Table 20.2 contains a representative sample of 
the types of information that might be required at each stage.

20.3.1 Choice and characterization of a site

Many potential sites can be considered for an NPP as long as all the site 
characteristics that could impact safety are understood and can be addressed 
for that location; similarly, the plant characteristics should not unduly 

Table 20.2 Examples of information that is required for the licensing of a 
nuclear power plant

License Representative information

Site preparation – Site description, activity to be performed, exclusion 
zones, structures, location

– Site characteristics, meteorology, seismology, geology 
and other natural phenomena

– Site evaluation process and investigations
– Preparatory work on site and surrounding area
– Programme for determining the site’s environmental 

baseline
– General characteristics of the plant that would affect 

the site
– Effects on environment, health and safety, and 

measures to mitigate these effects

Construction – Preliminary Safety Analysis Report (PSAR)
– Other documents and detailed analyses supporting the 

PSAR
– Other documents covering topics that may be excluded 

from the PSAR as required by national practice; 
examples could include compliance with security 
measures and safeguards

– Assessments that are required for regulatory agencies 
other than the nuclear regulatory body; an example 
could be a detailed environmental assessment
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License Representative information

Operation – Final Safety Analysis Report (FSAR); the FSAR would 
expand on the PSAR, including results of the pre-
nuclear commissioning and future commissioning 
plans, changes to the as-built design basis, and status 
of training and recruitment for operations

– Other documents and detailed analyses supporting the 
FSAR, including any updates to the existing PSAR 
supporting documents

– Other documents covering topics that may be excluded 
from the FSAR as required by national practice; 
examples could include compliance with security 
measures and safeguards

– Assessments that are required for regulatory agencies 
other than the nuclear regulatory body

Decommissioning – Description and schedule
– Planned state of site on completion of 

decommissioning
– Description of nuclear substances, hazardous 

substances, land, buildings, structures, systems and 
equipment affected

– Measures, methods, and procedures for carrying out 
decommissioning

– Disposition of used nuclear fuel
– Transportation of nuclear and hazardous materials
– Compliance with safeguards and national security
– Nature and extent of any radioactive contamination at 

facility
– Effects on environment, health and safety, and the 

measures to mitigate the effects
– Location of release points, maximum quantities, and 

concentrations, volume and fl ow rate of nuclear and 
hazardous substances, and measures to control the 
releases

– Measures to prevent or mitigate the effects of 
accidental releases and the emergency response plan

– Qualifi cation requirements and training programmes

Table 20.2 Continued

impact the site. Site evaluation and licensing for site preparation by the 
regulator may also require that some general characteristics of the NPP be 
specifi ed, such as the power generated and resource requirements (such as 
cooling water). The licensee should either specify the site characteristics in 
the bid documentation or provide an envelope of conditions into which the 
various candidate sites fall. This means that the site criteria must be identi-
fi ed early in the deployment of an NPP project. (Chapter 18 considers how 
nuclear sites should be selected and characterized.)
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Once a site has been identifi ed as a potential host for a nuclear plant, it 
must be evaluated. The IAEA has published a Safety Requirements docu-
ment for site evaluation that establishes the requirements for the various 
elements of a site evaluation (IAEA, 2003a). The publication deals mainly 
with site-related factors that could impact on severe events of low probabil-
ity to ensure that the site–installation combination does not constitute an 
unacceptable risk over the lifetime of the nuclear plant.

There are three important safety considerations when evaluating a poten-
tial site, as stated in the IAEA Safety Requirements (IAEA, 2003a). The 
fi rst of these is an evaluation of the effects of external events on the safety 
of the plant. These evaluations cover both external human-induced events 
and natural phenomena. The second consideration is an evaluation of the 
nature of the site and its environment that could have an impact on the 
exposure of people and the environment to radioactive material. The third 
concerns the characteristics of the areas external to the NPP site that could 
impact on the implementation of emergency procedures; these include such 
characteristics as population density and transportation routes. If there are 
any defi ciencies arising from the evaluation of these considerations that are 
not addressed by the design of the plant, by the measures for site protection, 
or by administrative procedures, then the site cannot be licensed for a NPP. 
To assist with site evaluation, the IAEA has published a number of Safety 
Guides for each of the important site factors that need to be considered: 
seismic design (IAEA, 2003b), external human-induced events (IAEA, 
2002b), dispersion of radioactive material (IAEA, 2002c), meteorological 
events (IAEA, 2003c), fl ood assessment (IAEA, 2004a), and geotechnical 
aspects (IAEA, 2005). The 2011 Fukushima Dai-ichi event in Japan clearly 
indicates the need to consider the existence of two or more natural and 
even man-made events, such as an earthquake followed by a tsunami in 
coastal sites, or a high tide coinciding with a rain fl ood in estuary sites, or 
nearby explosions releasing highly toxic chemicals, which may affect the 
plant and the emergency activities of operating personnel. Nuclear emer-
gency planning should also consider the possibility of a nuclear emergency 
occurring concurrently with a general emergency produced by a natural or 
man-made cause.

Using the IAEA criteria, it is possible to establish a logical site selection 
process. First, a number of sites or regions could be selected based on 
national priorities. The licensee would then perform a screening assessment 
that would eliminate any sites that do not meet the licensing criteria. The 
screening process would usually take into account any site characteristics 
that could impact safety. These characteristics include population distribu-
tions around the site, meteorological conditions, seismic phenomena, vol-
canic activity, fl ooding, soil types, groundwater characteristics, and other 
geotechnical and hydrological considerations. Next, the remaining sites 
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would be verifi ed according to a set of predefi ned site exclusion criteria. 
This could then be followed by confi rmation of the results of the previous 
steps through site investigations and laboratory measurements, along with 
the preliminary plant characteristics such as loads, physical dimensions, and 
preferred layouts. The licensing submission would include all such informa-
tion and would be subject to independent assessments by the RB.

The initial site evaluation process also establishes the basis for longer-
term requirements that will remain in place throughout the lifetime of the 
plant. The pre-operational phase includes ongoing assessment work during 
construction to refi ne the characterization of the site. During the opera-
tional phase, continuous monitoring and assessment of site characteristics 
will be required as part of the operating license. Also, if there are any sig-
nifi cant changes in population distributions or human activities surrounding 
the plant, or a change to the nuclear capacity on the site, these changes will 
have to be taken into consideration.

20.3.2 The selected design and its safety review

The design selected must undergo a formal design safety review process by 
the regulator before a construction license can be issued. This review deter-
mines whether the design of the selected technology meets the required 
national safety regulations. Normally, these regulations will be consistent 
with the IAEA Safety Standards, which constitute the international con-
sensus on nuclear safety in the form of Principles, Requirements, and 
Guides. A recent overview of the current status of the relevant IAEA docu-
mentation is available from the IAEA (IAEA, 2010a). Chapter 9 discusses 
current and near-future available technologies.

The IAEA has published a Safety Requirements document to establish 
the generally applicable requirements for a safety assessment of nuclear 
facilities and activities (IAEA, 2009a). The major licensing document the 
licensee must provide for a construction license is the PSAR for the selected 
NPP design. This is a comprehensive document running to thousands of 
pages of technical information, backed up by detailed analyses, R&D 
results, and other supporting documentation. Table 20.3 lists the content 
and some examples of the scope of material that needs to be covered 
(IAEA, 2004b). It is clear from Table 20.3 that the licensee must be familiar 
with all aspects of the NPP life cycle: design, construction, commissioning, 
operations, and decommissioning. The PSAR is the licensee’s evaluation of 
the safety basis for the plant covering its entire plant life cycle.

The production of the PSAR is a major task. Normally, the vendor/
designer provides much of the non-site specifi c technical information for 
this document. The licensee must provide the information that is specifi c 
to the country building the NPP, such as site conditions and operating 
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Table 20.3 Safety analysis report content

SAR chapter Chapter scope and examples

Introduction This chapter deals with general issues that are country 
and project-specifi c.

General plant 
description

Topics include a description of the applicable codes and 
standards, the basic technical characteristics of the 
technology, the plant layout, plant operating modes, and 
the documents and analyses incorporated by reference.

Management of 
safety

Specifi c aspects of management processes are described 
along with the monitoring and review of safety 
performance.

Site evaluation This includes site reference data such as hydrology, 
meteorology and seismology, as well as the evaluation 
of site-specifi c hazards and activities at the site that 
could infl uence the plant’s safety. The proximity of 
industrial, transport and military facilities is also 
described. Site-related issues for emergency planning 
and accident management are developed. Also, 
monitoring of site-related parameters and a description 
of radiological conditions are included.

General design 
aspects

The safety objectives and design principles, and 
conformance with the design principles are discussed. 
The classifi cation of structures, systems, and 
components is also addressed. Specifi c topics include 
civil engineering works and structures, equipment 
qualifi cation, environmental factors, human factors 
engineering, and protection against internal and external 
hazards.

Description and 
conformance to 
the design of 
plant systems

This is a comprehensive discussion of the reactor 
components. These include the reactor coolant and 
associated systems, the engineered safety features, 
instrumentation and control, electrical systems, plant 
auxiliary systems, power conversion systems, fi re 
protection systems, fuel handling and storage systems, 
radioactive waste treatment systems, and other safety-
related systems.

Safety analysis Acceptance criteria for the safety objectives are stated. A 
summary of the results of the safety analyses to meet 
the acceptance criteria is presented.

Commissioning This describes how the various SSCs will be tested and 
verifi ed to meet the design requirements.
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SAR chapter Chapter scope and examples

Operational 
aspects

Operations includes a large range of topics: the 
organization, administrative procedures, operating 
procedures, emergency operating procedures, guidelines 
for accident management, maintenance, surveillance, 
inspection and testing, core management and fuel 
handling, management of ageing, control of 
modifi cations, qualifi cation and training of personnel, 
human factors, programme for operational experience 
feedback, documents and records, and outage 
management.

Operational limits 
and conditions

This defi nes the safe operating envelope for the plant.

Radiation 
protection

The application of the ALARA principle is discussed. 
Radiation sources, design features for radiation 
protection, radiation monitoring, and a radiation 
protection programme are included.

Emergency 
preparedness

This addresses emergency management, emergency 
response facilities, and capability for the assessment of 
accident progression, radioactive releases, and the 
consequences of accidents.

Environmental 
aspects

Both radiological and non-radiological impacts of the NPP 
are discussed.

Radioactive waste 
management

Topics include the control, handling, minimizing, handling, 
conditioning, storage, and disposal of radioactive waste.

Decommissioning 
and end of life 
aspects

The decommissioning concept for the NPP is presented, 
and includes provisions for safety, the differing 
approaches to decommissioning, and planning of the 
preliminary work.

Source: IAEA (2004b).

Table 20.3 Continued

organization information. Notwithstanding the contributions from the 
vendor/designer, the licensee must have access to expertise for each of the 
PSAR areas. It is not possible to operate an NPP safely without this knowl-
edge, whether available internally or obtained externally through technical 
support organizations. The latter would include access to R&D facilities 
capable of handling and characterizing radioactive components.

The regulator performs a detailed independent assessment of the PSAR 
and usually presents its results in a safety evaluation report (SER). The 
SER then becomes the technical basis for awarding or denying the con-
struction license and for establishing the required limits and conditions to 
be complied by the licensee. Therefore, the licensee must be prepared to 
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respond effectively during the evaluation process to any detailed technical 
questions from the regulator on the PSAR topics using internal or external 
expertise.

20.3.3 Regulatory documents for commissioning 
and operation

The overall objective of commissioning is to prepare the SSCs for opera-
tion. This involves verifying that the SSCs meet their design requirements 
for safety and performance, for both individual structures and components 
and integrated systems. These requirements cover normal operation, antici-
pated operational occurrences, and design basis accidents. Verifying the 
design provisions for management of accidents beyond the design basis can 
also be done at this stage, as far as it is feasible. There is some overlap 
between construction and commissioning since some SSCs may be commis-
sioned before completion of the entire plant. (The various aspects of com-
missioning and related activities are considered at length in Chapter 22).

There are several steps during commissioning that may require regula-
tory approval. The introduction of fi ssile material into the plant is an impor-
tant event and is considered in some cases to be the fi rst point where 
regulatory decisions are required. Since commissioning is performed typi-
cally over a few months, the licensee and the RB must both be prepared 
for an intensive period of activity. Besides planning and organizing its own 
activities, the licensee should ensure that the RB establishes and commu-
nicates a detailed plan outlining how it will review the commissioning work, 
the nature of the required approvals and hold-points, and what information 
is required to be submitted by the licensee at each hold point. For example, 
the licensee should understand the clearances that the on-site regulatory 
staff can issue at the various stages of commissioning, and the submissions 
that are required to ensure such clearances. The licensee must also be sensi-
tive to the fact that results of commissioning could lead to further refi ning 
of the regulatory requirements for plant operation, for example in its oper-
ating procedures and in-service inspections requirements.

An operating license requires the submission of FSAR based on the 
PSAR previously submitted for the construction license, as summarized in 
Table 20.3. However, it includes more information from both the construc-
tion and commissioning programmes and may also be impacted by new 
R&D information and international safety developments that have arisen 
during the construction period. Obviously, the satisfactory completion of 
the training and certifi cation of operating staff is an essential milestone for 
the operating license, and is considered further in Section 20.5.4.

Operational procedures are developed before a plant is transferred 
from construction to operations. These include procedures that cover 
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normal and off-normal operations, surveillance, maintenance, and emer-
gency operations. Emergency operations procedures normally have to be 
approved by the regulator before issuing the operating license and prior to 
initial fuel loading. Several other submissions could be required depending 
on the national licensing processes and FSAR content, as indicated in 
Table 20.3.

During operation, there will be ongoing requirements to submit various 
operational reports to the regulator depending on licensing requirements 
and on the occurrence of any events that impact or have the potential to 
impact safety. Some of these requirements are discussed in Section 20.5.

20.3.4 End of life and requests for decommissioning

Decommissioning begins to be addressed at an early stage of a nuclear 
power plant programme. As noted in Table 20.3, the Safety Analysis Report 
includes a decommissioning concept including provisions for safety, the 
differing approaches to decommissioning, and planning of work. The end 
state for decommissioning, depending on national legal and regulatory 
requirements, encompasses partial or full decontamination and/or disman-
tlement, with or without restrictions on further use of the site. The IAEA 
has developed basic safety requirements that must be satisfi ed during the 
planning and implementation of decommissioning, for the termination of 
practices and for the release of facilities from regulatory control (IAEA, 
2006a). Chapter 24 describes the various aspects of decommissioning and 
the experience already gained.

There are three general approaches that could be followed to achieve a 
decommissioning end state. In all three cases, a facility is eventually released 
for other uses, either with or without regulatory restrictions, but the time 
frames are different. The fi rst approach is immediate dismantlement, where 
radioactive contaminants are removed or reduced to a level that permits 
the facility to be released. For this approach, the decommissioning project 
would need to be initiated shortly after the end of plant operations. It 
requires timely completion of the decommissioning site activity and removal 
of radioactive material from the NPP to a licensed facility, followed by 
processing for either long-term storage or disposal. The second approach is 
deferred dismantling or safe storage. In this case, any SSCs that have radio-
active contaminants are either processed or placed in a condition where 
they can be safely stored and maintained. Subsequently, the SSCs are 
decontaminated and/or dismantled such that the facility’s radioactivity 
returns to levels that allow the facility to be released. The third approach 
is entombment. For this approach, the radioactive SSCs are safely encased 
until the radioactivity decays to a level such that the facility can be released 
from regulatory control.
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Whatever approach is taken, the licensee must ultimately develop a fi nal 
decommissioning plan for regulatory approval. The development of this 
information will likely require a preliminary period of work before the 
decommissioning plan can be fi nalized and be submitted to the regulator. 
The plan might encompass the strategy, the current state of the plant includ-
ing radiological characteristics, the schedule, implementation and manage-
ment of the plan, how the waste will be managed, and a description of the 
end state and how it will be verifi ed.

The licensing submission will also require a safety assessment that may 
include some of the topics in Table 20.2. The assessment would cover the 
decommissioning activities given in the plan and any potential abnormal 
events that could occur. The occupational exposures and the potential 
releases to the environment, and the health and safety of the public, would 
be addressed, including the mitigation and prevention strategies. The IAEA 
recommendations for the development and review of the decommissioning 
safety assessments are given in a Safety Guide (IAEA, 2009b), where it is 
stated:

Decommissioning activities are performed with an optimized approach to 
achieving a progressive and systematic reduction in radiological hazards, and 
are undertaken on the basis of planning and assessment to ensure the safety 
of workers and the public and protection of the environment, both during and 
after decommissioning operations.

The site can be released from regulatory control once the licensee has 
completed the decommissioning work and has met the regulatory require-
ments. Recommendations for meeting these requirements are the subject 
of an IAEA Safety Guide (IAEA, 2006b). The Guide is directed to both 
the regulatory body and the licensee, and covers the release of sites or parts 
of sites from regulatory control after a practice has been terminated.

20.4 Safety review of licensing applications and 

license requirements

License applications are formally submitted to the RB. The RB fi rst verifi es 
that the information provided in the application is suffi cient for conducting 
a proper safety review; if this is not the case, the applicant is requested to 
submit the information required. Once the RB is satisfi ed, the application 
is formally accepted and a schedule for the evaluation process is estab-
lished. The way in which the evaluation is conducted is country dependent 
but there should always be a person managing the process and a large group 
of specialists for the various fi elds of experience required. The end point of 
the evaluation is the completion of an SER.

The RB may not be suffi ciently knowledgeable in certain specifi c areas; 
in such cases, help can be obtained from various sources. For new entrants, 
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the most relevant source would in most cases be the RB in the country of 
origin of the NPP design, though an experienced group of international 
senior regulators could also help establish a knowledge base in a new regu-
latory system. The IAEA can provide a variety of services, including advice 
to the assessment manager. Technical help and advice can also be requested 
from Technical Support Organizations (TSOs), as is very common in the 
European practice, available in the country’s own institutions, such as 
nuclear research organizations, universities and academies. Contracts with 
national and international private institutions could also support the evalu-
ation process. This help does not take away from the RB the responsibility 
of preparing the SER which results from such analysis.

The SER is a substantial document, generally developed by following 
well-established procedures. The main aim is to verify compliance with the 
regulatory requirements applicable to the license under consideration. 
During this process, generally large lists of clarifying questions or require-
ments for further information are addressed to the applicant. A prompt and 
precise response to the RB enquiries speeds up the evaluation process. The 
SER ends with a fi nal evaluation and with a complete set of limits and 
conditions to be followed when performing the activities envisioned in the 
requested license. It may also include a reference to the requirements for 
the next license.

20.4.1 Site license

As already described, an application for a site license, whether part of a 
more general license or a stand-alone application, needs to identify the 
precise site on which the applicant proposes to build a nuclear power 
station, and the characteristics of the site need to be described, as do the 
mutual interactions between the plant and the site. The submitted docu-
mentation should be analyzed by the RB against established safety prin-
ciples, such as:

• The expected frequency and magnitude of external events affecting the 
safety of the NPP. The RB has to verify the validity of the data collected 
and the magnitude of the expected external natural and man-made 
hazards, including seismic disturbances, extreme weather events such as 
fl ooding, nearby explosions, large releases of chemical contaminants or 
extended fi res. The Fukushima 2011 accident and other experiences 
have shown that there could be possible combinations of related natural 
phenomena and human-induced events.

• The requirements for an effi cient emergency plan. Emergency planning 
is the last resource at hand to mitigate the consequences of serious 
accidents in nuclear power plants. The proximity of schools, hospitals 
and other welfare institutions will feature in considering the feasibility 
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of implementing emergency countermeasures (including possible evac-
uation of areas around the site). As already mentioned, the potential 
diffi culties of a nuclear emergency within a more general emergency 
should also be considered by the RB.

• The social, economic and environmental effects of the NPP. An NPP will 
have effects on the surrounding population and the environment. The 
RB should consider the population density and the proximity to large 
and medium cities, technological parks, recreational areas, national 
parks and heritage locations which may become heavily affected by 
radiation releases of a certain magnitude.

The analysis by the RB experts requires knowledge and experience in 
earth sciences to determine the magnitude of the maximum possible natural 
events, as well as experts on man-made events, and people with experience 
of emergency planning. The best help to the RB will probably come from 
national institutions dealing with such phenomena and activities. A site 
license will typically contain requirements and limitations on the site’s 
preparation activities that may be conducted before construction begins.

Many RBs require that a local environmental impact statement (EIS), 
assessing the impact caused by the future power plant, is also submitted by 
the applicant and analyzed by the RB at the time of site evaluation. It is 
also customary at this stage to inform stakeholders of the project and to 
allow them to formally make representations detailing any reservations 
they may have about the project. Some countries, for example the UK, 
require that a Public Inquiry should be called at which the applicant is 
invited to present their case and to hear and consider the contributions and 
concerns raised by participating stakeholders. The involvement of stake-
holders in nuclear issues before deciding the construction of a new nuclear 
power plant is recommended in INSAG-22 (INSAG, 2008a).

20.4.2 Construction license

The construction license requires the submittal of a PSAR, already described 
in Section 20.3.3. As part of the submission, the licensee has to provide 
details of the project management arrangements and quality assurance 
provisions. The RB seeks assurance that the work will be conducted safely 
and in accordance with the environmental and transportation requirements 
of the terms of the license, and that the installation conforms to the approved 
design.

The safety assessment of this documentation requires a major display of 
the RB’s resources, and arrangements for obtaining external help and 
advice may need to be made. The analysis covers all the chapters of the 
PSAR and related information, conducted in accordance with pre-stated 
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procedures. All evidence provided by the operator in support of the request 
for a construction license needs to be checked and verifi ed by the RB, par-
tially by scrutinizing the operator’s analyses but also often by performing 
independent analyses. The SER for the construction license will form the 
basis for the content of the license, its limits and conditions.

The analysis of the chapter on potential accidents requires expertise, as 
it is necessary to verify that potential accidents can be avoided or control-
led. A deterministic approach is generally used: a set of potential accident 
scenarios is proposed, which the NPP design includes equipment and pro-
cedures to manage. This constitutes what is called the design basis. A new 
methodology, a Probabilistic Safety Assessment (PSA), has started to be 
used as a complement to the deterministic approach. Recently, INSAG 
recommended integrating both approaches (INSAG, 2011).

Throughout construction, it should be ensured that, once approved, no 
alteration or amendment is made to the plant and equipment, or to any 
approved arrangement, unless the RB has approved such alteration or 
amendment. Normally construction schedules are divided into installation 
stages. The RB can specify hold points, beyond which work may not 
progress without its consent. Throughout construction, the RB carries out 
a programme of inspections, assessments and reviews of the activities per-
formed. If at any stage the RB is not satisfi ed, a variety of options should 
be put into practice to improve the situation, including stopping all work 
until the issues in question are addressed. To achieve a high quality of 
systems and components relevant to safety, the components need to be 
qualifi ed to properly respond to seismic and extreme environmental situa-
tions. As far as possible, components that have already been proven in 
operation should be used. Manufacturing must conform to high quality 
standards.

The construction phase is considered complete when SSCs relevant to 
safety are tested under well-defi ned conditions and established standards. 
Examples of these pre-nuclear tests include pressure tests of the primary 
coolant system (including the reactor vessel), performance tests of emer-
gency coolant systems, containment pressure and leakage rate tests, and 
electrical systems performance tests. Representatives of the RB, or special-
ists working on their behalf, generally witness these tests for acceptance by 
the RB.

20.4.3 Commissioning license

The construction license establishes the prerequisites under which the com-
missioning of a plant is conducted. These conditions include arrangements 
under which the RB will specify what is to be done, conditions under which 
approval must be given and where consent has to be sought before moving 
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to the next stage of commissioning. Chapter 22 covers the activities to be 
conducted during commissioning.

Well before the end of construction, the licensee makes and implements 
adequate arrangements for commissioning the NPP, mainly with regard to 
those processes that may affect safety. Such arrangements need the approval 
of the RB. These arrangements provide documentation to justify the safety 
of the proposed commissioning. It is recommended that the licensee 
appoints a suitably qualifi ed person or persons to control, witness, record 
and assess the results of any tests carried out in accordance with the require-
ments of the commissioning arrangements. The licensee should ensure that 
full and accurate records are kept of the result of every test and operation 
carried out in pursuance of these requirements.

The RB considers the proposed arrangements for commissioning very 
closely and makes preparations for licensing this phase, and for witnessing 
the nuclear tests that are to be performed and analyzed. The RB creates a 
commissioning group with experience on the subject but, if that experience 
is missing, outsiders can be hired (usually commissioning experts from the 
RB in the country of origin of the project). Nevertheless, responsibility for 
making an analysis of the commissioning programme, establishing the limits 
and conditions for their conduct, witnessing the tests and accepting the 
results remains with the RB.

It is customary to divide the commissioning into stages. If the RB so 
specifi es, the licensee should not commence commissioning, or proceed 
from one stage to the next, without the consent of the RB. The licensee 
should ensure that, once approved, no alteration or amendment is made to 
the arrangements unless the RB agrees to such alteration or amendment. 
The commissioning phase is terminated when all foreseen tests have been 
successfully conducted and approved by the RB.

20.4.4 Operating license

In many regulatory organizations the commissioning phase just described 
is only one part of the operating license. In any case, the licensee has to 
submit an FSAR, together with a series of additional documents relevant 
for the operational phase, as described in Table 20.3. The FSAR is a refi ne-
ment of the PSAR, describing the NPP as it has been built and introducing 
changes in equipment capabilities and operational limits as determined by 
the results from the pre-nuclear and nuclear tests undertaken. Apart from 
organizational documents, one of the most signifi cant documents for opera-
tion is the Operational Limits and Conditions, also called the Technical 
Specifi cations for Operation.

These documents are reviewed by the RB and form the basis of the 
operating license. By this time, even for new entrant countries, the RB staff 
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will already have accumulated a great deal of experience and expertise; 
nevertheless, when confronted for the fi rst time with handling the operating 
license, outside help will be needed. As in previous cases, it is recommended 
that advice be sought from the RB in the country of origin of the project, 
from the IAEA, or from TSOs experienced in operating research reactors. 
In the longer term, the RB will become more independent from external 
help, except in cases regarding anomalous situations and accidents. In any 
case, the RB will need to convene a competent body of experts, including 
those who have been involved in the construction and commissioning 
phases. Once again, the SER constitutes the basis for the operating license 
and its limits and conditions.

The operating license covers a great variety of different issues in some 
detail. Among other things, the license stipulates the procedures according 
to which an activity is to be carried out, the conditions to be respected, the 
documentation the operator has to produce, what they have to report to 
the RB, and whether the participation of a representative of the authority 
is required.

The license therefore quotes the document on personnel organization 
which describes the functions, responsibilities and tasks of persons and 
organizational units. It states the requirements for training for important 
positions. Operating activities are undertaken according to a number of 
internal regulations. Those with safety relevance are licensed. Important 
among these internal regulations are manuals on in-service testing, main-
tenance, radiological testing, shift and control room organization, access and 
security, alarms, physical protection, and quality assurance.

Operation of the plant is guided by procedures for normal operation and 
for incidents and accidents. Limits and conditions for operation have to be 
respected. There are also guidelines and procedures for severe accidents, 
and these documents also form part of the license. There are requirements 
on the information the authority needs for fuel outages, on the justifi cation 
of the safety of the new core, and the conditions for restart. The procedure 
for how plant modifi cations are to be processed is also fi xed at this stage. 
Additionally, there are requirements on quality assurance for components 
to be exchanged, with special regard to core internals.

The license stipulates that the operator has to follow and analyze inci-
dents in other plants, and justify their conclusions regarding their own plant. 
It also states how the operator should proceed with reportable events in 
the plant itself. The license deals with the proof of waste disposal, and the 
handling of fuel and radioactive waste. Of course, it sets limits for tolerable 
effl uents in air and water. The license is also a basis for the surveillance 
which the authority will perform during operation. Therefore, it regulates 
the documentation which the operator has to maintain and the reports they 
must submit to the authority on a regular basis.
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Regular inspections, either announced or not, are conducted by the RB. 
Some RBs have resident inspectors assigned to each NPP who oversee 
day-to-day operations and report to the RB headquarters. In case of anom-
alous situations, a so-called reactive inspection is put into effect to analyze 
the situation and oversee the actions taken. Some RBs have established 
permanent oversight systems, based on selected safety pillars; non-
compliance with the defi ned pillars generates a colour code which measures 
the importance of the non-compliance, which is maintained until the non-
compliance is addressed and corrected.

20.4.5 Decommissioning license

An NPP will cease to be operational if a decision is taken to retire it from 
service, at the end of its licensed operating life or earlier. Several causes 
may dictate the earlier termination of an operating NPP, for example a 
decision by the licensee for economic or other reasons, the cancellation of 
the operating license by the RB, or the impossibility of recovery from an 
accident. The licensee should formally communicate to the RB about such 
a decision and the proposed arrangements for safekeeping of the facility 
pending its decommissioning.

The RB will review the proposal and appropriately modify the operating 
license. This includes changes in the technical specifi cations for operation 
and other licensing conditions, like those related to requirements of operat-
ing staff, in-service inspection, and surveillance and operability of equip-
ment to maintain the facility in a safe state. However, as long as nuclear 
fuel is present in the reactor core, the NPP is considered operable and the 
complete operational discipline should remain in force. After the reactor 
core is completely defuelled, the operating license may be terminated. 
However, the facility will still remain under regulatory control, with appro-
priate safety requirements specifi ed, as long as radioactive material is 
present at the site, pending its fi nal decommissioning.

Most RBs have enacted regulations on decommissioning commercial 
nuclear power plants, with these regulations covering the time from termi-
nation of operation to when the site is declared fi t for unrestricted use. In 
any case, the licensee declares that the reactor has been shut down perma-
nently and that they are ready to request a decommissioning license. The 
licensee keeps its prime responsibility as long as there is fuel on the reactor 
premises, either in the reactor core or in the spent fuel decay pool. After 
removing the fuel, responsibility for the site can be transferred to the 
agency conducting the dismantling.

The operator performing the dismantling should submit a safety analysis 
report to the RB describing the decommissioning activities to be conducted 
and the safety provisions that have been made to comply with the existing 
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regulations. Attention is given to decontamination activities, to radiological 
protection of workers and the environment, and to the management of 
radioactive waste. The RB evaluates the information received and prepares 
an SER with the proposed limits and conditions to be complied with during 
the process, these mostly being the acceptable residual radioactivity level 
remaining on the site for it to be released for unrestricted use, the reports 
to be submitted on the conduct of operations, and hold points for inspec-
tion. At the end of the process, a radiological survey of the site is generally 
conducted before releasing and declaring that decommissioning has ended.

20.5 Licensee activities during design, construction, 

commissioning, operation and decommissioning

The differing roles of the operator and of the regulator with respect to 
safety need to be made clear. The IAEA’s Fundamental Safety Principles 
require that ‘the prime responsibility for safety must rest with the person 
or organization responsible for facilities and activities that give rise to radia-
tion risk’ (IAEA, 2006c). That is, the licensee is responsible for safety, and 
the regulator is responsible for granting licenses and providing oversight of 
the operator’s activities with respect to safety. These responsibilities persist 
throughout the entire life cycle of an NPP and can span a period of several 
decades. The license specifi cally states that the licensee is responsible for 
the following:

• Establishing and maintaining the necessary competences
• Providing adequate training and information
• Establishing procedures and arrangements to maintain safety under all 

conditions
• Verifying appropriate design, and the adequate quality of facilities and 

activities and of their associated equipment
• Ensuring the safe control of all radioactive material that is used, pro-

duced, stored or transported
• Ensuring the safe control of all radioactive waste that is generated.

On leadership and management for safety, Principle 3 of the Fundamental 
Safety Principles states that ‘Leadership in safety matters has to be demon-
strated at the highest levels in an organization’. Therefore, the starting point 
for a licensee is senior management’s leadership of, and commitment to, 
safety through a clearly articulated safety vision that is communicated to 
every employee. Or, as the International Safety Group (INSAG) expresses 
it (INSAG, 2002):

Commitment to safety and to the strengthening of safety culture at the top of 
an organization is the fi rst and vital ingredient in achieving excellent safety 
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performance. This means that safety (and particularly nuclear safety) is put 
clearly and unequivocally in fi rst place in requirements from the top of the 
organization, and there is absolute clarity about the organization’s safety 
philosophy.

The next step is to ensure that a safety culture, leadership and manage-
ment systems and processes are all in place to ensure safety. These must be 
established early in the NPP project and certainly before the bidding 
process begins. For a new NPP operator, assistance from an experienced 
operator of a similarly designed NPP is likely to be essential for establishing 
these requirements. Once established, the licensee must communicate its 
safety policies on an ongoing basis to both staff and its suppliers. For 
example, bid specifi cations should clearly refl ect the operator’s safety 
requirements. Also, the licensee should include formal presentations on the 
expected compliance of all stakeholders with the licensee’s safety vision, 
including contractors, suppliers, constructors, vendors and support groups.

The operator must also establish effective relationships with the regulator, 
even before the bid is specifi ed. During the early stages of an NPP deploy-
ment programme, there are many interfaces that need to be managed by 
the licensee, since the operator is at the centre of all the activities. The 
various interfaces typically include governments, regulators, the public, the 
media, the designer/vendor, construction companies, and manufacturers and 
suppliers. Notwithstanding this, the licensee and regulator must take the 
time to establish professional and comprehensive interactions to ensure that 
there is joint understanding of the licensing processes and requirements.

20.5.1 Quality assurance programme and compliance with 
contractual requirements

The IAEA has produced a considerable body of work on quality assurance 
(QA) that has been widely adopted by Member States with NPP pro-
grammes. Quality assurance in design, construction and operation is con-
sidered in detail in Chapter 21. The IAEA approach to quality programmes 
for NPP processes has continued to evolve to be consistent with modern 
approaches (Persson, 2008). Initially, quality control was established to 
verify the conformance of systems at the completion of a process. Then, 
quality assurance was implemented to focus on prevention of non-confor-
mance during production, thus becoming more performance-based as 
opposed to compliance-based. Next, a quality management approach was 
developed to encompass everyone involved in the processes. This included 
the concept of corporate safety culture and a focus on people.

The most recent manifestation of the IAEA quality programmes is an 
integrated management system where safety, health, environmental, secu-
rity, quality and economic elements of an organization are all considered 
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together (IAEA, 2006d). This approach was designed to address two general 
aims stated in INSAG-13, Management of Operational Safety in Nuclear 
Power Plants (INSAG, 1999):

To improve the safety performance of the organization through the planning, 
control and supervision of safety-related activities in normal, transient and 
emergency situations, and 
To foster and support a strong safety culture through the development and 
reinforcement of good safety attitudes and behaviour in individuals and teams 
so as to allow them to carry out their tasks safely.

Such a system is intended to produce a single coherent management system 
where all functions are integrated to achieve an organization’s objectives, 
and quality requirements are incorporated fully into all the daily work. The 
IAEA has published Safety Guides for implementing the system (IAEA, 
2006e, 2009c).

A management system for construction is also covered by these Safety 
Guides, particularly in Appendix V of IAEA (2009c). This Guide stipulates 
that an organization should develop and implement a management system 
that includes the overall arrangements for the management, performance 
and assessment of the NPP during construction and that the organization 
should ensure the following:

• Construction work and work at the installation are carried out in accord-
ance with design specifi cations, drawings, procedures and instructions, 
including the implementation of the relevant requirements.

• Construction work and work that is undertaken at the installation, 
including work by contractors, are coordinated, carried out and com-
pleted in accordance with planned programmes.

• Access to the construction site is controlled.
• Interface arrangements exist among the construction organizations, sup-

pliers and other organizational units performing the work.

During construction, QA includes all the actions necessary to provide 
confi dence that a SSC will perform satisfactorily in service. This includes 
independent assessments of the effectiveness of all the processes related to 
design, procurement, and construction. The purpose of this is to ensure that 
the constructor delivers high-quality project work, taking into account both 
industrial and nuclear safety requirements. The QA plan verifi es each of 
the processes using the hierarchy of prevention, detection, and correction. 
Suppliers of products and services also have to comply with the licensee’s 
QA requirements, which could cover all the important operational areas 
such as procurement, materials, manufacturing, handling and storage, and 
shipping.

The licensee must demonstrate to the RB that the QA requirements for 
the construction license are being met. The RB would normally review and 
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inspect the licensee’s QA programme as well as the programmes for other 
involved organizations, such as suppliers of safety-related products and 
services, testing and calibration laboratories, nuclear steam system suppli-
ers, and architect-engineering companies.

The licensee must also ensure that the constructor supplies all the docu-
mentation needed to defi ne the design basis for the plant in support of 
operations. This involves the implementation of a comprehensive document 
management system that enables all records, including QA records, equip-
ment, materials, manuals, and drawings to be controlled and maintained.

20.5.2 The pre-nuclear testing programme, results analysis 
and decisions

The overall purpose of commissioning is to demonstrate that the design 
requirements of the SSCs are met and to bring them to operating mode. 
Testing should establish that the NPP can operate in all the modes for which 
it has been designed. Commissioning is further addressed in Chapter 22.

Commissioning can be divided into four stages (IAEA, 2003d): (1) pre-
operational tests; (2) fuel loading and subcritical tests; (3) initial criticality 
and low power tests; and (4) power tests. These stages are further subdi-
vided into subtasks that are required by the licensee or regulator, or that 
depend on the technology being commissioned.

The pre-operational stage requires that construction activities associated 
with the system should be completed and documented, including all ele-
ments of the quality assurance programme. The construction company nor-
mally also carry out various pre-commissioning activities, such as fl ushing, 
cleaning and hydrostatically testing each system and piece of equipment 
individually. Also, the licensee must ensure that all equipment is ready for 
operation. This involves:

• Inspection of the SSCs to ensure proper construction, manufacturing 
and installation, such as welding, quality of workmanship, loose parts, 
and cleanliness

• Checking of electrical and protective devices
• Calibration of instruments
• Verifi cation of operability of instrument loops and required response 

times
• Adjustment and settings of process controllers and limit switches.

Once the above has been completed, the pre-operational stage can be 
subdivided into two activities: cold performance tests and hot performance 
tests. These tests in most cases will be carried out sequentially; however, 
some cold tests, such as containment pressurization and leakage rate tests, 
might not be done until the end of the testing period, before fuel loading. 
Cold performance tests include the start-up of the fl uid systems and support 
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systems. The tests yield data that verify the operational functions of com-
ponents and the compatibility between systems. If pressure tests on the 
primary and secondary systems were not previously done by the construc-
tion group, the operator will also perform these tests at this sub-stage. Hot 
performance tests verify that systems conform to design requirements. 
These tests, where practicable, should simulate anticipated operational 
occurrences at typical plant operating conditions.

The tests should verify the effectiveness of the various heat transport 
phenomena as well as checking for vibration, clearances, effectiveness of 
insulation, thermal expansion, and the effects of high temperature on elec-
trical and mechanical equipment performance. Hot performance testing 
should be carried out at least to the point where steady-state operating 
conditions are reached. Completion of the initial rotation test of the tur-
bine-generators would typically mark the end of the hot commissioning 
phase. Operating staff should also use this opportunity to verify the operat-
ing procedures, such as hot to cold shutdown, before fuel loading begins.

20.5.3 First fuel loading, start-up, and operation

Before fuel loading, the operators must be trained and qualifi ed to operate 
the fuel handling equipment. Detailed procedures and operating instruc-
tions must be prepared and exercised during the training period with 
dummy fuel assemblies. Strict attention to criticality such as boron concen-
tration levels in pressurized water reactors (PWR) is essential at this stage. 
Once fuel is loaded, for light water reactors (LWRs) the upper vessel inter-
nals and the pressure vessel head are installed. At this point, the operator 
carries out additional mechanical and electrical tests to verify that the 
reactivity control systems are functioning properly and reliably. The initial 
core monitoring system data will familiarize the operator with some practi-
cal reactor core experience.

Some additional tests are normally performed just before initial critical-
ity to provide further assurance that the plant systems and components 
required for plant operation perform as expected. The plant is then brought 
from cold shutdown to hot shutdown to initial criticality for the start of 
low-power physics testing. A variety of tests are performed to confi rm the 
core design values as used in the FSAR and other technical analyses. 
Reactor power is then raised through steps with test programmes at each 
step. The tests include physics measurements, plant shutdown and heat 
removal capabilities, power transients, loss of site power tests, and instru-
mentation and control checks.

After full power is reached and maintained for a period of time, the plant 
should be shut down and thoroughly inspected, and the commissioning data 
assessed. Any changes to the plant would be evaluated thoroughly to ensure 
that safety margins meet the design specifi cations and that the plant can 
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perform reliably. Finally, plant acceptance testing is performed to ensure 
that the plant meets the contractual output. The plant operating staff typi-
cally become profi cient in the operation and maintenance of components 
and systems during the commissioning activity.

During operation, the licensee is required to maintain detailed records 
concerning operations, and the nature of these records is stated in the 
operating license. These can include the results of effl uent and environmen-
tal monitoring programmes, operating and maintenance procedures, results 
of the commissioning programme, results of inspection and maintenance 
programmes, and the nature and amount of radiation, nuclear substances 
and hazardous substances within the nuclear facility.

The operator must also manage plant confi guration changes and the 
status of the SSCs over the life of the plant. A key aspect of this is the 
management of ageing, including both degradation and obsolescence, par-
ticularly for those SSCs important for safety. It is likely that the licensee 
will have to demonstrate to the regulator that it has a comprehensive and 
systematic management programme to address SSC ageing. The IAEA has 
published recommendations for the establishment, implementation, and 
improvement of ageing management programmes that can be used to 
develop an effective strategy (IAEA, 2009d). According to this guide: 
‘Evaluation of the cumulative effects of both physical ageing and obsoles-
cence on the safety of nuclear power plants is a continuous process and is 
assessed in a periodic safety review or an equivalent systematic safety reas-
sessment programme.’ The science, technology and regulatory aspects of 
ageing in nuclear power plants are considered in detail in Tipping (2010).

20.5.4 Training and accreditation of operating personnel

The responsibility for safety requires that the operator establishes and 
maintains the necessary competencies of both staff and management for 
safe operations. This entails providing adequate training and effective 
knowledge management, establishing a culture and methodologies to main-
tain safety under all conditions, and verifying that all activities and pro-
cesses carried out by the plant staff are safe. Since several generations of 
operators will likely be involved over the lifetime of the plant, which could 
be 60 years or longer for modern plants, knowledge management must 
include effective knowledge transfer mechanisms. The IAEA has published 
a Safety Guide that provides information on the recruitment, qualifi cation 
and training of NPP staff (IAEA, 2002d). The need for human resources in 
establishing a nuclear power programme is considered in Chapter 6.

Operator qualifi cations are usually prescribed by the operating license. 
To approve the qualifi cations, the regulator requires that the licensee 
provide information that the licensed operator meets the applicable quali-
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fi cation requirements in the license, has successfully completed the relevant 
training programme and examinations referred to in the license, and is 
capable in the opinion of the licensee of performing the duties for the posi-
tion. Usually, the certifi cation is for a set period of time and must be 
renewed. To renew the certifi cation, the regulator may require the licensee 
to provide evidence that the licensed operator has safely and competently 
performed the duties of the position, has continued to receive the relevant 
training referred to in the license, has completed the requalifi cation tests 
required by the licensee, and in the view of the licensee is capable of con-
tinuing to perform the duties of the position.

A license may also require an operator to successfully complete an exam-
ination administered by the RB to become certifi ed. The operator may take 
the examination only after the regulator receives from the licensee an 
application that includes a statement that the person has successfully com-
pleted the applicable training programme referred to in the license. The 
licensee is required to keep detailed records of staff training. This can 
include the status of each worker’s qualifi cation, requalifi cation and train-
ing, including the results of all tests and examinations required under the 
license.

20.5.5 Performance improvement programme

The operator of a nuclear plant is responsible for its safety. An important 
operating discipline is a robust performance improvement programme. The 
programme should have several elements in an overall interactive model. 
Elements of the model could include self-assessments, operating experience 
feedback, conduct of operations, performance assessments, oversight stan-
dards, engineering programmes, and processes for dealing with any gaps 
that are identifi ed. These elements would then fi t into an overall perfor-
mance model that has the following steps: (1) obtain the results for a per-
formance monitoring/assessment element; (2) identify the gaps; (3) analyze 
and identify solutions; (4) implement the solutions; and (5) continue moni-
toring. The objectives are to identify and correct problems, to identify and 
correct any negative trends before they become an issue, and to raise the 
sensitivity of management and staff to the importance of constant diligence 
and questioning attitudes. While a comprehensive discussion of all the ele-
ments of a performance improvement model is beyond the scope of this 
chapter, two of the elements can be mentioned for illustration: self-assess-
ment and operating experience feedback.

Self-assessment is a general process that can encompass both plant com-
mercial performance and safety. Since performance and safety are bound 
together, self-assessments are a particularly important part of the overall 
safety structure. The IAEA Safety Requirements (IAEA, 2006d) for a 
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nuclear facility management system mandate that: ‘Senior management and 
management at all other levels in the organization shall carry out self-
assessment to evaluate the performance of work and the improvement of 
the safety culture’. Individuals and workgroups must assess their perform-
ance against the licensee’s safety goals including the operating license 
requirements and other nuclear industry safety standards. One of the values 
of self-assessments is that they also recognize strengths and good practices 
that exceed the current requirements, and these might be used to enhance 
performance in other areas.

A policy should be developed that lays out the objectives and procedures 
for performing the self-assessments. Such a policy could include the scope 
for the assessments, the frequency, the process roadmap, the reporting and 
review mechanisms, quality assurance requirements, and what benchmarks 
should be employed. In general, the process roadmap would involve the 
preparation of annual plans indicating the areas that will be assessed and 
the schedules, the formation of self-assessment teams to carry out the 
reviews, conducting and documenting the assessments, analyzing the results, 
taking corrective actions, and communicating the status. This process would 
then be followed up by an evaluation of the effectiveness and quality of the 
review, as well as of the lessons learned for improvement.

Two types of gaps can be identifi ed in this way, the fi rst being where 
current safety requirements, regulatory or otherwise, are not being met and 
corrective actions must be taken immediately, and the second being where 
requirements are being met but there is opportunity for improvement. In 
this case, although the requirements are still being met, the performance 
may be trending away from acceptable standards. Ideally, it is the second 
type of gap that would eventually come to dominate the self-assessment 
process. This would demonstrate that the licensee was proactively determin-
ing the precursors to any potential diminishing of safety and addressing 
them immediately. Therefore, self-assessments are a key activity for pre-
venting operational complacency.

Analysis and feedback of operating experience is recognized as a valid 
tool to enhance safety in the IAEA Fundamental Safety Principles. By any 
measure, a nuclear power plant is a complex technology. The plant contains 
about 100 major systems that fall into four groups: nuclear systems, fuel and 
refuelling systems, secondary plant systems, and electrical systems. Due to 
ageing, confi guration changes, and equipment upgrades, each of these 
systems requires verifi cation on a continuous basis to ensure that the 
systems continue to meet safety and operational requirements. Operating 
experience, as part of the overall plant performance model, is a valuable 
tool for helping to ensure this, since it enables the licensee to apply previous 
information to anticipate and address issues before they occur. INSAG-21 
has pointed out the importance of operating experience feedback for life 
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cycle management and backfi tting of nuclear facilities, as well as for improv-
ing operating and regulatory practices, to enhance the global nuclear safety 
regime (INSAG, 2006).

Operating experience information covers all aspects of the NPP’s opera-
tion and has implications for both plant performance and safety. With 
respect to plant performance, particular attention is paid to outages, planned 
and otherwise. Outages can be classifi ed as planned (under operator 
control), unplanned (causes under operator control), and external (not 
under operator control). Planned outages include refuelling, inspection, 
maintenance, testing, and upgrades. Unplanned outages include those due 
to human error, equipment failure, operating margins, and regulatory/
licensing issues. Externally driven outages include grid failure following 
electricity demand, and environmental conditions.

The IAEA has established guidelines to enhance operating experience 
feedback (IAEA, 2006f). According to this Safety Guide, an effective system 
for the feedback of operational experience relating to safety should have 
the following elements:

• Reporting of events at plants
• Screening of events – primarily on the basis of safety signifi cance
• Investigation of events
• In-depth analysis, including causal analysis, of safety-signifi cant events
• Recommended actions resulting from the assessment, including 

approval, implementation, tracking and evaluation
• Wider consideration of trends
• Dissemination and exchange of information, including by the use of 

international systems
• Continuous monitoring and improvement of programmes for the feed-

back of safety-related operational experience
• A storage, retrieval and documentation system for information on 

events.

The licensee should develop a comprehensive operating experience pro-
gramme with input from a variety of internal and external sources. One 
international tool for operating experience is the Incident Reporting System 
(IRS) jointly developed by the IAEA and OECD/NEA (IAEA, 2008). The 
IRS reports contain information on NPP events that are of signifi cance to 
safety and the safety lessons that can be learned to assist in reducing recur-
rence of events at other plants.

More information on specifi c topics is also available. This includes an 
Information System on Occupational Exposure, which was started by the 
OECD/NEA and is now jointly maintained with the IAEA. Other projects 
at the OECD/NEA addressing specialized areas include the International 
Common-Cause Failure Data Exchange, the Fire Incident Records 
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Exchange, the Piping Failure Data Exchange, the Exchange of Operating 
Experience Concerning Computer Based Safety, and Stress Corrosion 
Cracking and Cable Ageing.

Another tool is the World Association of Nuclear Operators (WANO) 
series of documents on Operating Experience Report and Signifi cant 
Operating Experience Report processes. However, WANO information 
is generally restricted to its members. There are also specifi c reactor tech-
nology groups, such as the CANDU, Westinghouse, General Electric and 
KWU Owners’ Groups, which deal with design-specifi c operational feed-
back, although some information may be restricted to group members. 
There are also national and regional institutions which interchange operat-
ing experience.

In response to restrictions on some operating information that could 
impact safety, INSAG has pointed out in both INSAG-21 (INSAG, 2006) 
and INSAG-23 (INSAG, 2008b) that there is considerable room for improve-
ment in the transparent sharing of safety information, both nationally and 
internationally. INSAG-23 also notes that:

It is widely observed in all fi elds of human activity that serious accidents are 
nearly always preceded by less serious precursor events. If lessons can be 
learned from the precursors and these lessons put into practice, the probability 
of a serious accident occurring can be signifi cantly reduced . . . While the con-
tinued strong safety performance by operators is encouraging, safety signifi cant 
events continue to recur in nuclear installations. This indicates that operators 
are not learning and applying the lessons that experience can teach us.

As a result of their assessment, INSAG has proposed several recommen-
dations to improve international operational feedback. However, imple-
mentation of the feedback still rests with the licensee. It is important to 
ensure that operating experience is being used effectively throughout the 
licensee’s organization at all levels, and for both safety and operational 
performance. This includes the various processes for information gathering 
and analysis, experience application, auditing, and training.

20.5.6 Periodic safety reviews

A periodic safety review (PSR) is a comprehensive assessment of safety 
that is normally carried out at defi ned intervals as prescribed in the license. 
Plant ageing, confi guration changes, modifi cations to procedures, signifi cant 
events, operating experience, and other safety reviews occur over the life-
time of a plant and the PSR is a systematic way of assessing the cumulative 
effects of any changes to plant safety. In addition, a PSR takes into account 
advances in safety standards since the time of construction or the previous 
review. The safety of future operation of the plant can be evaluated from 
the PSR.
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The scope of the PSR includes an assessment of plant design and opera-
tion against the current safety standards and practices. Therefore, the PSR 
is a tool for securing a high level of safety throughout the NPP’s operating 
lifetime, taking into account changes in the plant and the evolution of safety 
knowledge. The PSR does not replace the routine safety reviews of nuclear 
power plant operation, which are the primary means of safety verifi cation 
throughout the plant operating cycle. The IAEA provides recommenda-
tions and guidance on how to conduct the PSR (IAEA, 2003e).

From experience, the IAEA recommends that a PSR should be fi rst 
undertaken about 10 years after the start of plant operation and that sub-
sequent PSRs should be done every 10 years. The 10-year period is based 
on the expected developments in safety standards from both experience 
and ongoing R&D, and from the expected rate of the changes that could 
affect the plant. The PSR covers all aspects of operations, including manage-
ment structures, reporting systems, staff experience and competence, plant 
confi guration, safety culture, knowledge management, ageing effects on the 
SSCs, radiological protection, emergency planning, and operating experi-
ence, to mention just a few. Owing to its comprehensive scope, the PSR 
provides reassurance to both the licensee and the regulator that the licens-
ing basis for the NPP is still valid.

The licensee has prime responsibility for performing the PSR. The start-
ing point is agreement between the licensee and RB on the scope, schedule, 
and requirements for the review. Owing to the broad scope of the assess-
ment, a PSR is a complex task that could take up to a maximum of three 
years to complete. Therefore, the IAEA has broken down the review into 
fi ve subject areas with 14 safety factors to ensure that the review is com-
prehensive (IAEA, 2003e). These cover the plant (plant design, actual con-
ditions of the SSCs, equipment qualifi cation, ageing), safety analysis 
(deterministic safety analysis, probabilistic safety analysis, hazards analysis), 
performance and feedback from experience (safety performance, use of 
experience from other plants and research fi ndings), management (organi-
zation and administration, procedures, the human factor, emergency plan-
ning) and environment (radiological impact on the environment). Each of 
these factors is reviewed and assessed against current safety standards and 
practices. In addition, IAEA (2003e) recommends a global assessment to 
integrate the results of the review of the safety factors.

Where necessary, corrective actions are determined and implementation 
plans are enacted. Since these actions lead to safety improvements, an 
objective is to complete as many of the actions as possible within the time 
frame of the PSR. The end point of the PSR is regulatory approval of the 
integrated programme to address any outstanding safety issues. Any safety 
gaps that cannot be reasonably addressed would require further assessment 
of the risk and justifi cation to allow the plant to continue operation.
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The PSR is a major undertaking that involves considerable planning and 
preparation. To initiate the review, the licensee establishes a dedicated 
project management team, develops guidance documentation laying out the 
scope and methodologies, defi nes the documents to be produced and their 
formats, develops a QA plan, prepares the review plan and budget, and 
secures approvals. The plan is then executed with many activities carried 
out in parallel, including, to a reasonable extent, the amelioration of issues 
as they are identifi ed. This is followed by execution of an integrated plan 
to implement corrective actions and/or safety improvements. Further details 
are contained in IAEA (2003e) and recent experience in IAEA Member 
States is detailed in IAEA (2010b).

20.6 Regulatory compliance during design, 

construction, commissioning and operation

The RB must verify compliance with applicable regulatory requirements 
and with the license terms and conditions during each phase in the life of 
the NPP. Such verifi cations are achieved through regulatory inspections, 
oversight procedures, and analysis of the multiple progress and evaluation 
reports provided by the licensee.

20.6.1 Regulatory inspections

Regulatory inspections are carried out during each phase in the life of the 
NPP with the aim of checking the safety compliance of the NPP, through 
physical verifi cation of the condition of its SSCs and by auditing of opera-
tional records. In many countries, the RB keeps resident inspectors in a 
given plant or clusters of plants to continually oversee the safety of 
the installation. The RB should specify the frequency, lay down formal 
procedures and authorize appropriate staff for carrying out these inspec-
tions. However, special inspections can be conducted when considered 
necessary.

The inspection fi ndings should be discussed with senior managers of the 
NPP to resolve any anomalies and thereafter the inspection report should 
be submitted for review by the appropriate safety committees. RBs have 
established formal procedures on how to write inspection reports and how 
to formally include in such reports the licensee observations and claims to 
be considered before any regulatory action is taken.

The recommendations arising from the inspections and from a review of 
the inspection reports should be categorized according to their importance 
to safety following the criteria specifi ed by the RB. Implementation of the 
recommendations should be done according to the schedule agreed upon 
between the RB and the operating organization, and the RB staff should 
follow this up.
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20.6.2 Regulatory oversight during operation

The RB maintains a careful check on the licensee’s activities during opera-
tion of the NPP to ensure that the plant is operated within the prescribed 
safety envelope and that other licensing conditions are complied with. This 
is done through review of the various operational reports, reports on safety-
related incidents and on activities during refuelling outages and other 
extended outages at the plant. The RB also conducts periodic regulatory 
inspections and audits of records to physically verify the compliance of 
license conditions, and to check on the general upkeep of the NPP.

As discussed in Section 20.5.6 above, detailed and comprehensive PSRs 
of the NPP operation are undertaken by the licensee at specifi ed intervals, 
typically every 10 years. The RB carefully checks the reports of such reviews 
to confi rm that the NPP is meeting the current safety requirements and is 
likely to continue to meet them till the next PSR. During all these reviews, 
the RB should make extensive use of the operating experience from NPPs 
of similar design as well as other nuclear and conventional industries, as far 
as is applicable.

The main goal of the surveillance by the authority is to make sure that 
the operator follows the law and the conditions of the license. Surveillance 
is carried out by inspectors and assessors within the RB. There may be dif-
ferences in the detailed approach undertaken in different countries, or 
within countries. As an example, data in paragraph A.3 of the Annex 
describes the activities and efforts undertaken in 2006 in Baden-
Württemberg, Germany, for which an assessment of the surveillance process 
is available (ILK, 2006).

20.6.3 Review of operating experience and operating 
experience feedback

A large number of reports on the various aspects of NPP operation are 
generated by the licensee on a regular basis. These include reports on day-
to-day operation and maintenance activities, radiological status in the plant, 
results of in-service inspections and surveillance checks, management of 
radioactive waste generated from NPP operation, chemistry parameters, 
and radiological surveys carried out around the NPP site. The RB should 
have a formal mechanism in place for an in-depth review of these reports. 
Initial review of the reports could be made by the RB staff and thereafter 
these are subjected to further review by standing safety committees consti-
tuted by the RB. Specifi c aspects may be referred to specialist groups for 
further detailed examination.

Actions identifi ed based on the recommendations arising from these 
reviews should be implemented according to an agreed time schedule 
between the operating organization and the RB. The RB staff should follow 
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up on the implementation of the actions meticulously. Any proposal for a 
change in the operating confi guration of the plant must be formally submit-
ted to the RB and should be supported by a detailed analysis which clearly 
establishes that the proposed change does not compromise safety in any 
manner. The implementation of any such change in plant confi guration 
should be made only after a detailed review and approval by the RB.

The RB must ensure that a formal mechanism exists in the operating 
organization for collecting and analyzing information from the interna-
tional operating experience that is relevant to the NPP for improving safety. 
A similar mechanism must also exist in the RB. This operating experience 
feedback should cover safety-related incidents at other NPPs, good safety 
practices adopted at other plants, and new information from research and 
development activities. Experience feedback from nuclear facilities other 
than NPPs and from conventional industries should also be considered as 
applicable.

While the main thrust of operating experience feedback is to prevent 
recurrence of safety-related events at an NPP of a nature similar to those 
that have occurred elsewhere, it should also be used to improve operational 
safety in general. In addition to actual incidents, information on ‘near 
misses’ and ‘low-level events’ should also be collected and analyzed for its 
appropriate utilization to make safety improvements in hardware and 
procedures.

20.6.4 Review of safety-related anomalies

All safety-related anomalies should be reported to the RB within the stipu-
lated time frame. These should cover safety-related anomalies in operation, 
violation of any licensing condition or technical specifi cations for operation 
and exceeding of any prescribed limits, like those for radiation exposure of 
personnel or discharge of radioactive effl uents to the environment. The 
reports should describe the incident in reasonable detail together with an 
analysis that identifi es the apparent causes, and the root cause of the inci-
dent. They should also include the proposed corrective actions and schedule 
for their implementation.

If a safety limit, as prescribed in the technical specifi cations for operation, 
gets violated, the reactor must be shut down immediately and a report on 
the incident submitted to the RB giving details of the incident and the 
circumstances that caused the violation. Reactor operation can be resumed 
only after a detailed review of the incident and clearance from the RB. The 
RB should review these reports in detail according to a laid-down proce-
dure with the primary aim of determining whether the incident occurred 
due to equipment failure or human error, or on account of any shortcoming 
in procedures or their implementation.
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20.6.5 Regulatory oversight of refuelling outages and 
other extended outages

The NPP will have to be shut down periodically for extended periods for 
refuelling or for the carrying out of major maintenance work. Maintenance 
work is generally conducted during outages for refuelling. All activities 
during such extended outages should be carefully checked by the RB from 
a safety angle. At the end of such outages, a report should be submitted to 
the RB giving details of all safety-signifi cant work done, including results 
of the in-service inspections and surveillance checks carried out. This report 
should be formally reviewed by the RB and clearance for restart of the 
reactor given, after confi rming that the NPP meets the licensing 
conditions.

A large number of outside personnel, such as contractors, are likely to 
be engaged during such outages to carry out specifi c work. The RB should 
ensure that these personnel are given necessary training to carry out the 
activities, following specifi ed radiation protection procedures and other 
safety requirements.

20.6.6 Regulatory review of periodic safety analysis

As explained in Section 20.5.6, the primary aim of the PSR is to assess the 
health of the SSCs of the NPP from an ageing viewpoint, to help ensure 
that there are no signifi cant degradations that can impair safety. The RB 
should carry out an in-depth analysis of the PSR report submitted by the 
licensee to determine whether the NPP is meeting the current safety 
requirements and is also likely to continue to meet them till the next PSR. 
In addition to the information from plant data, including a revised proba-
bilistic safety analysis, the analysis by the RB should also take into account 
any revision of safety standards that might have taken place, relevant new 
knowledge acquired from research, international operating experience and 
any obsolescence of NPP components. Based on this analysis a revision of 
licensing conditions and operating procedures should be made, as appropri-
ate. Also the requirements for any system modifi cation, replacement of 
components and other retrofi tting needs should be identifi ed and the time 
frame for their implementation should be decided.

20.7 Licensing of a country’s fi rst nuclear power plant

Licensing of a country’s fi rst NPP poses several challenges to the RB, as 
well as to the license applicant. This is mainly on account of a lack of 
experienced personnel who can clearly understand the safety aspects 
detailed in the PSAR and the FSAR and the various supporting technical 
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documents. Other major diffi culties will be the need for the licensing process 
to match the project schedule, and the non-availability of national safety 
standards.

These challenges can be met to a large extent through: (a) implementing 
a well-formulated human resources development plan; (b) using technical 
assistance from an experienced regulator (ER); (c) the use of the safety 
evaluation of a reference NPP that is similar in design to the NPP to be 
built, and which has already been licensed by a competent and experienced 
RB, usually one in the country of origin of the project; (d) adoption of 
international safety standards, mainly the ones developed by the IAEA and 
applied under its recommendation; and (e) development of a strategic plan 
for the conduct of the licensing process.

Many aspects of the national technical development to support an emerg-
ing nuclear power programme that are described in Chapter 7 are also 
applicable to licensing activities, for both the license applicant and the RB. 
Aspects specifi c to the licensing of a country’s fi rst NPP are covered below.

20.7.1 Human resources development

To develop its human resources, a newly established RB needs signifi cant 
assistance from an ER. Accordingly, they should establish long-term col-
laborative links and develop a roadmap for human resources development. 
A core group of RB staff should receive practical training in the licensing, 
construction and operation at the reference NPP, as well as training from 
the ER in safety regulation of NPPs and use of safety standards. This core 
group in turn should impart training to other staff of the RB. The operating 
organization should similarly develop its human resources through corre-
sponding cooperative activities with the reactor vendor.

Advanced training of selected RB staff in specifi c fi elds like reactor 
physics, health physics, thermal hydraulics and probabilistic safety analysis 
should be arranged with the ER, or with other institutions abroad. This 
training is generally provided by the nuclear engineering departments in 
universities, dedicated institutes and academies. The RB staff who will be 
engaged in the licensing of the NPP and its regulation during operation 
should study the NPP design and the operating experience of NPPs of a 
similar design in detail.

20.7.2 Technical assistance in design safety review

With the implementation of the human resources development actions 
outlined in Section 20.5.4 the RB staff can be expected to have achieved a 
reasonable level of technical competence to carry out the licensing review 
work. However, signifi cant help from the ER will still be necessary in the 
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licensing activities as well as in the regulation of the NPP for a few years 
after it goes into operation. Nevertheless, assistance from the ER during 
design safety reviews and in regulation of the NPP during operation should 
be in an advisory capacity, and the RB should assume full responsibility for 
all licensing decisions.

The operating organization should similarly obtain technical assistance 
from the reactor vendor during the various stages of licensing and also 
during the initial few years of NPP operation.

20.7.3 Use of safety evaluation from a reference NPP

The safety evaluation of a reference NPP, carried out at the time of its 
licensing, can prove very useful during the licensing of a fi rst NPP in a new 
entrant country. However, it is important that the operating organization 
clearly understands the design of the NPP and is able to own it and defend 
it during the design safety review. Use of the safety evaluation of the refer-
ence NPP is not just for the purpose of speeding up the licensing process 
but should also lead to an enhancement of the quality of the licensing work, 
and the achievement of a high level of safety of the new entrant country’s 
NPP, in an overall sense.

Some design differences between the two NPPs are, however, likely to 
exist on account of site specifi cities and plant layout. The design might also 
have been updated based on information from research and operating 
experience after the earlier licensing of the reference NPP. These differ-
ences should be clearly identifi ed and judiciously dealt with during the 
design safety review. It is, however, important that the entire PSAR is sub-
jected to a detailed review as it helps in improving the understanding of the 
design in the operating organization, as also in the RB.

20.7.4 Use of international safety standards

In the absence of a high level of technical competence and suffi cient operat-
ing experience, it is not feasible to develop a full set of national safety 
standards for an NPP before the licensing process gets started. Safety stan-
dards relevant to siting of the NPP and to general safety criteria may be 
nationally developed from IAEA models and made appropriate to the 
national conditions and requirements. Other more technological standards, 
like those of the IAEA and of the NPP vendor’s country, could be appro-
priately used during the detailed design safety review process. However, 
the safety standards required for commissioning and then for operation 
of the NPP should be developed before commissioning work starts. This 
can be done based on the knowledge of the NPP design acquired from 
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the design safety review and with appropriate technical assistance from 
the ER.

The full set of national safety standards could be developed after gaining 
a few years of operating experience when the national experts would have 
also acquired a good level of technical competence.

20.7.5 Developing a strategic plan for licensing

A strategy needs to be developed for licensing of a country’s fi rst NPP to 
meet the project schedule, while maintaining a high level of quality in the 
licensing process. Signifi cant assistance from an ER and use of the safety 
evaluation of the reference NPP during the design safety review are the key 
elements that should be appropriately included in the strategic plan.

The time available between award of contract for setting up the NPP and 
start of its construction are likely to be insuffi cient for a detailed review of 
the PSAR. A possible approach could be to divide the PSAR review work 
into suitable sub-stages. A brief review of the PSAR can be conducted, 
focusing on the differences in design from that of the reference NPP and 
ensuring that the design safety criteria are met, to ensure the award of the 
license to start construction.

Detailed review of the PSAR can be carried out in parallel with civil 
construction work at the site but should be completed before the start of 
activities that cannot be reversed, e.g. the erection of major equipment like 
the reactor pressure vessel and the steam generators. It should also be 
completed well before commissioning activities are undertaken. The 
requirements of licensing and the schedule of technical submissions by the 
applicant should be clearly identifi ed in advance for each sub-stage of 
licensing.
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20.10 Appendix: Examples of licensing systems

20.10.1 The United States

The example of the United States is relevant as it has been followed, at 
least partially, by many countries. Moreover, the US regulatory body 
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has maintained cooperation agreements with many other regulatory 
organizations.

The Atomic Energy Act of 1954, as amended, is the centrepiece of nuclear 
legislation in the United States. The AEC was an independent agency 
charged with promoting, licensing and overseeing the peaceful uses of 
nuclear energy. The Energy Reorganization Act of 1974 abolished the AEC 
and (in 1975) created the NRC, which was given the authority to grant 
licenses and provide oversight of safety for nuclear civilian applications.

The NRC maintains two different approaches for licensing nuclear power 
plants. When the NRC was established, the decision was taken to have a 
two-step process linking the issuance of a construction permit, followed by 
an operating license. The licensing requirements under this approach are 
contained in the Code of Federal Regulations (CFR), 10 CFR Part 50. In 
1989 the US decided to adopt a new approach (set out in 10 CFR Part 52, 
described further on), without abolishing the fi rst.

Any application for a construction permit must be submitted in accord-
ance with 10 CFR Part 50. Once received – in the form of a Preliminary 
Safety Analysis Report – an application is checked for completeness and 
formally docketed. NRC staff undertake a safety review in accordance with 
a Standard Review Plan (SRP) leading to a Safety Evaluation Report 
(SER). The SER is transmitted to a statutory Advisory Committee on 
Reactor Safeguards (ACRS), which provides independent advice to the 
NRC on the issuing of a construction permit. Before taking its fi nal decision, 
the NRC has to conduct, in parallel with the safety evaluation, an environ-
mental review of the application and prepare an environmental impact 
statement (EIS). At the same time, antitrust advice is sought from the US 
Attorney General’s Offi ce. With all this information, a public hearing is 
formally conducted and chaired by the Atomic Safety Licensing Board 
(ASLB), where interested parties may raise questions. Any dissatisfi ed 
party can request a review to the US Court of Appeals; otherwise, if the 
application is successful, the Director of the Offi ce of Nuclear Reactor 
Regulation issues the construction permit.

The request for an operating license should be requested two to three 
years before the scheduled construction completion. The Final Safety 
Analysis Report (FSAR) is the basic document covering this phase. The 
main purpose of the evaluation is to check that the NPP has been built in 
accordance with the design approved in the construction permit and that it 
complies with the applicable requirements. A revision of the EIS is neces-
sary, but neither an antitrust report nor a public hearing is conducted, unless 
formally requested.

The approach described in 10 CFR Part 52 was created to facilitate the 
standardization of nuclear power plants and simplify the two-step process 
by unifying the construction permit and the operation license into a single 
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Construction and Operation License (COL). It also introduced an early site 
permit and a design certifi cation rule. The early site permit is aimed at 
resolving site issues, including suitability of the site for emergency prepar-
edness and the potential existence of environmentally superior sites.

The design certifi cation recognizes that specifi c designs comply with 
established safety regulations. Any applicant for a construction permit or 
operating license (under 10 CFR Part 50) or a combined license (under 
10CFR Part 52) may refer to a certifi ed design and thus ease the licensing 
process. As in the case with 10 CFR Part 50, the EIS, the antitrust evaluation 
and the public hearings are maintained.

20.10.2 The United Kingdom

The example of the United Kingdom, with one of the oldest nuclear licens-
ing authorities, is relevant because radiation risks have not been singled out 
from the many other risks to which workers, the public and the environment 
are subjected.

The main legislation for governing the safety of nuclear installations in 
the UK consists of the Health and Safety at Work Act of 1974 (HSW Act), 
the Nuclear Installations Act 1965 (NIA65) and the Ionizing Radiation 
Regulations 1999 (IRR99). The organizational scheme is peculiar in the 
sense that radiation protection is embedded into the protection of health 
and safety of workers and members of the public against all types of aggres-
sions, while in most other countries radiation is singled out as a very distinct 
and rather hazardous agent.

Within this context, the UK has created a chain of institutions. The 
Health and Safety Commission (HSC) was established by the HSW Act. Its 
primary function is to make arrangements to secure the health, safety and 
welfare of persons at work, and the public, in the way that undertakings are 
conducted. This includes proposing new laws and standards, conducting 
research, providing information and advice. The Health and Safety 
Executive (HSE) is the corporate body appointed to enforce health and 
safety law under the general direction of the HSC. The HSE is the licensing 
authority for nuclear installations and regulates the design, construction, 
operation and decommissioning of any nuclear installation for which a 
nuclear site license is required under the Nuclear Installations Act. Such 
installations include nuclear power stations. The Nuclear Safety Directorate 
(NSD) is a directorate within the HSE. Its mission is to secure effective 
control of health, safety and radioactive waste management at nuclear sites 
for the protection of the public and workers, and to further public confi -
dence in the nuclear regulatory system. The Nuclear Installations 
Inspectorate (NII) forms the major part of the NSD. It is to the NII that 
the day-to-day exercise of the HSE’s licensing function is delegated. The 
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Government has announced its intention to create a more integrated, 
focused, independent and accountable nuclear regulatory body. The pro-
posal is to create an Offi ce for Nuclear Regulation (ONR) as a stand-alone 
statutory corporation outside the HSE.

Any organization that proposes a nuclear installation falling within the 
scope of NIA65 must apply for a nuclear site license. NIA65 also states that 
a license can be granted only to a corporate body and that it is not transfer-
able. It follows that the licensee must be a company, which is also a user of 
the site. It is important that no doubt exists about the identity of the cor-
porate body, which has legal responsibility for the safe operation of an 
installation and absolute liability for injury to persons or damage to prop-
erty. Where a new site is to be licensed or where an existing site is to be 
used for additional activities, the applicant must submit a safety case1 to the 
HSE for assessment. That submission must include:

• A reference design (an initial statement of design and the safety criteria 
to be applied)

• A preliminary safety report (intended to show, in principle, the means 
by which the reference design can meet the applicant’s safety criteria)

• A pre construction safety report (a more comprehensive statement on 
safety analysis)

• Proposal for research and development work in support of the safety 
case

• Proposals for quality assurance (the means for ensuring that design, 
manufacture, inspection and construction are carried out reliably to the 
required standard)

• A contract design (the design intended for construction).

Under the UK licensing process, an operator must obtain a number of 
permissions before construction or operation of any nuclear installation, 
including nuclear power stations. The whole process starts with a generic 
design assessment (GDA), which allows a new power station design to be 
assessed before an application is made for the permissions required to build 
that design at a particular site. This allows early resolution of design issues 
arising from the assessment to be taken into account. Guidance has been 
provided by the HSE on how to handle the GDA (HSE, 2007a, 2007b, 
2008a, 2008b).

Requests for a GDA normally originate from a reactor vendor. However, 
requests may also be initiated by vendor–operator partnerships. Con-
sequently, the term ‘Requesting Party’ is used to identify the organization 

1 In the British terminology the expression Safety case should be understood as the 
totality of a licensee’s documentation to demonstrate safety, and any subset of this 
documentation that is submitted to ONR for such purpose.
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seeking the GDA and to distinguish it from a nuclear site license applicant. 
The regulators consider that it is important for potential site operators/
licensees to be engaged in the GDA process, as ultimately they will be 
required to demonstrate suffi cient knowledge of the design before receiving 
permission to construct and operate a nuclear power station. The operator 
may also wish to be part of the design process to allow the design to be 
adapted to its particular needs. The generic design assessment process, 
referred to as ‘Phase 1’ in the HSE manuals, is in four stages and takes 
approximately 3.5 years to complete.

20.10.3 Germany

The federal structure of Germany has created a different approach which 
could be of interest to other countries. The Federal government has legisla-
tive power over peaceful development of nuclear power, but the licensing 
authority belongs to the governments of the Länder or States, which 
act on behalf of the Federal authority. Technical expertise is mainly held 
within public or semi-public entities which are called Technical Support 
Organizations (TSOs), as is common European practice.

Two peculiarities distinguish the German approach to licensing NPPs: 
there is only one time-unlimited license covering the site, design and con-
struction, operation, substantial changes to the licensed features, and 
decommissioning. This license is issued in the form of partial licenses, typi-
cally about four to ten in number. This allows features which need to be 
constructed only in later stages to be designed in detail at a later time. In 
this way, the most recent technology can be used and the overall construc-
tion time may be shortened. The general design needs to be elaborated to 
a certain detail at the time of the fi rst partial license. The information pro-
vided must allow the authority to make a preliminary positive statement 
on the whole project. It must also give reasonable assurance that the later 
detailed design will not result in confl icts with already licensed or even 
constructed features.

Another peculiarity of the German case which is of special interest is the 
requirement that precautions against reactor damage must be taken when 
deemed necessary according to the state of science and technology. This 
means that no fi xed safety goal is given. Rather, the authority has to deter-
mine in each licensing procedure what precautions the current state-of-the-
art requires. The reference to the state of science means that precautions 
are not limited to measures for which proven technology exists. If the state 
of science so requires, new technology has to be developed. The purpose of 
this arrangement was that, in a rapidly developing area, protection should 
always be in line with the most recent insights. In practice there have been 
regulations and standards which normally could be assumed to represent 
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the state-of-the-art, but still the authority has had to assess whether this was 
indeed the case. This approach is called dynamic safety precaution.

A license must be withdrawn in case of a signifi cant endangerment to 
personnel or the public, and if the remedy cannot be implemented in rea-
sonable time. It must also be withdrawn if adequate provision for damage 
compensation cannot be demonstrated. In 2002, the maximum electricity 
production of plants was limited by law to the equivalent of about 32 oper-
ating years. The law had to be changed because any of the conditions for 
withdrawing a license applied. In 2010 the terms of the fi rst agreement were 
changed to prolong the lifetime of the operating plants to about 40 years 
for older plants and about 46 years for newer ones. In both cases these 
changes were accompanied by an agreement between the government and 
plant operators. In the current situation, as a reaction to the events in 
Fukushima, the German government has announced the intention to accel-
erate the phase-out from nuclear energy by revising these lifetimes.

In the German practice, much attention is given to surveillance during 
operation. The Internationale Länderkommission Kerntechnik (ILK) has 
provided information on surveillance activities in the State of Baden-
Württemberg (ILK, 2006). A so-called basic surveillance is conducted by 
reviewing the operator’s reports and by performing inspections at the plant, 
and evaluating their results. This activity takes about fi ve person-years per 
unit and year. The inspections are performed according to an annual inspec-
tion programme with a fi xed structure but including some fl exibility to take 
into account former performance and current problems. The programme 
provides inspection goals, details the items to be considered and points out 
the time to be spent on the various areas. In total the time spent at the plant 
with inspections amounts to about 48 days a year per unit. The operator is 
informed about the results of the inspections and the expectations of the 
authorities in routine meetings. In case of signifi cant deviations, feedback 
is made by letter which states the actions the authority requires.

In the normal practice another part of the surveillance is reactive and 
generally triggered by reportable events at the plant. In the Baden-
Württemberg experience a working group of individuals with different 
backgrounds convenes to make a fi rst assessment, and identifi es the infor-
mation needed or the actions to be required from the operator. The opera-
tor’s activities and reports are then followed by the department in charge 
of the affected unit until the authority is satisfi ed that the reaction taken is 
appropriate.

In the German practice, changes to the plant or licensed documents have 
to be submitted by the operator to the authority. Depending on the signifi -
cance of the change, it may need an approval by the authority or a change 
of the license. Changes are managed by a standard procedure which includes 
a classifi cation and an assessment by a TSO on the basis of which the 
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authority decides. The work on reportable events and changes takes two to 
three person-years per year and unit. In performing surveillance, the author-
ity is heavily supported by TSOs. In addition to the effort undertaken by 
the authority, TSOs spend some 30 person-years per year and unit. An 
important part of their work is the review of tests and inspections which 
the operator performs. This is done mainly by review of documentation and 
partially by attending tests and inspections. The TSOs give their assessments 
in the evaluation of reportable events and on proposed changes. They par-
ticipate in the investigations on focal issues and review the 10-year safety 
reviews performed by the licensee.
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21
Quality assurance during design, construction 

and operation of nuclear power plants

R. GASCA, Asociación Nuclear Ascó – Vandellós II, Spain

Abstract: In order to provide enough confi dence that the nuclear station 
will produce electricity in a safe and reliable way, the implementation of 
quality assurance principles is necessary. This chapter identifi es the main 
elements for establishing and implementing a quality assurance system 
for the stages of design, construction commissioning and operation in a 
nuclear power plant project.

Key words: quality, quality assurance, design, construction, 
commissioning, operation, management.

21.1 Introduction

The objective of this chapter is to identify the main elements for establish-
ing and implementing a quality assurance system for the stages of design, 
construction, commissioning and operation in a nuclear power plant project. 
The content is applicable to all individuals and organizations involved in 
the project and the main objective of the system is to ensure and maximize 
safety and reliability.

In the general industrial activity, not only in nuclear, the precedent of the 
quality assurance process was quality control. It was based on the applica-
tion of inspection and testing techniques, to verify the quality of a product 
against a set of acceptance criteria previously specifi ed. The quality assur-
ance process is based on the implementation of a set of contour conditions, 
affecting people, organizations and installations, to avoid or minimize devia-
tions and to provide a reasonable assurance of getting a steady-state quality 
level. The quality assurance process does not eliminate quality control 
because critical parameters must be specifi cally controlled in some cases.

To better understand the role of quality assurance in nuclear safety it is 
convenient to introduce the concept of ‘defence in depth’ and its 
relationships.

The International Nuclear Safety Group (INSAG) of the International 
Atomic Energy Agency (IAEA) has established (INSAG, 1996) that 
defence in depth consists in a hierarchical deployment of different levels of 
equipment and procedures in order to maintain the effectiveness of physical 
barriers placed between radiological material and workers, the public or 
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the environment, in normal operation, in anticipated operational occur-
rences and, for some barriers, in accidents at the plant. For the effective 
implementation of defence in depth the IAEA establishes that three basic 
prerequisites must be considered: conservatism, quality assurance and 
safety culture. Each level of defence can be effective only if the quality of 
design, materials, structures, components and systems, operation and main-
tenance can be relied upon. Quality assurance programmes can ensure the 
development of a safe design. They can also ensure that the intent of the 
design is achieved in the plant as built and that the plant is being operated 
as intended and maintained as designed.

In this chapter, the most widely applied approach for quality assurance 
in nuclear projects has been considered. However, the fact that nowadays 
a new approach called ‘management system’ has been established should 
be pointed out. This system could be defi ned as a set of interrelated or 
interacting elements that establishes policies and objectives and which 
enables those objectives to be achieved in a safe, effi cient and effective 
manner.

In the area of nuclear installations this new approach has been recently 
introduced in the IAEA Safety Fundamentals (IAEA, 2006a) and devel-
oped in a requirements document (IAEA, 2006b). These documents defi ne 
the requirements for establishing, implementing, assessing and continually 
improving a management system that integrates safety, health, environmen-
tal, security, quality and economic elements to ensure that safety is properly 
taken into account in all the activities of an organization. The system con-
siders the implications of all actions not within separate management 
systems but with regard to safety as a whole.

The management system established by the IAEA includes some addi-
tional elements such as safety culture, satisfaction of interested parties and 
an approach to process implementation.

The IAEA has developed additional safety guides, IAEA (2006c) and 
IAEA (2009), to facilitate the implementation of the above-mentioned 
approach. Finally it should be pointed out that, for the moment, this new 
approach established by the IAEA is not widely applied around the world.

Coming back to the main intent of this chapter, basic criteria that are 
applicable to all stages of a nuclear power plant project will be identifi ed 
in the following paragraphs and, afterwards, more specifi c elements related 
to the management and performance for each stage will be described.

21.2 Defi nitions

The following defi nitions of basic quality assurance terms used in this 
chapter have been taken from various publications (AENOR, 1995a) and 
two IAEA publications (IAEA, 2006b, 2007):
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• Design. The process and the result of developing the concept, plans, 
calculations and specifi cations.

• Construction. The process of manufacturing, assembling, installing and 
erecting the structures, systems and components.

• Commissioning. The process by which structures, systems and compo-
nents, having been constructed, are made operational and verifi ed to be 
in accordance with design criteria.

• Nuclear safety. The achievement of proper operating conditions, preven-
tion of accidents and mitigation of accident consequences, resulting in 
protection of workers, the public and the environment from undue 
radiation hazards.

• Operation. The activities performed to achieve the purpose for which 
the plant was constructed.

• Regulatory body. The authority or system of authorities designated by 
a State as having legal authority for conducting the regulatory process.

• Responsible organization. The organization having overall responsibility 
for the nuclear power plant.

• Quality. The assembly of characteristics and aspects of a product or 
service that make it adequate to satisfy an expectation.

• Quality assurance. The assembly of planned and systematic actions nec-
essary to provide adequate confi dence that an item, service or process 
will perform its intended function as desired.

• Quality assurance programme. The assembly of policies, resources and 
actions applied to assure the quality required.

21.3 Quality assurance criteria

In the following paragraphs the main basic criteria, applicable to all stages 
of a nuclear power project, will be identifi ed and briefl y described (IAEA, 
2007; AENOR, 1995a).

21.3.1 Programme

A quality assurance programme shall be developed, implemented and 
maintained. The programme is a set of documents in which the organization 
establishes the overall measures to accomplish its general objectives. It will 
contain the organizational structure, functional responsibilities, levels of 
authority, role descriptions and interfaces in the activities of planning, per-
formance and assessment.

21.3.2 Training

Personnel shall be trained and qualifi ed in accordance with the assigned 
task. The training programme should have the following characteristics:
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• Provide understanding of the quality assurance programme
• Describe the elements and the operation of the installation
• Provide on-the-job training
• Consider specifi c qualifi cations when required
• Ensure updating to the state-of-the-art
• Contain periodic requalifi cation
• Require competent instructors
• Be submitted to ongoing assessment of effectiveness.

21.3.3 Deviations

All deviations from the specifi ed criteria shall be recorded and assessed in 
order to identify and implement the applicable actions to solve the devia-
tion and prevent its recurrence.

The methodology should establish measures to promptly identify, classify, 
analyse and correct elements, processes and behaviours that do not meet 
the applicable expectations. Actions to solve deviations should address the 
causes in order to avoid recurrences.

21.3.4 Documentation

Documents or other media which describe process or establish criteria shall 
be adequately prepared, reviewed, approved, issued, distributed, authorized 
and, as required, validated.

In the same way, records refl ecting the fulfi lment of quality requirements 
shall be specifi ed, prepared, reviewed, approved and maintained in good 
condition for an established period of time. Both documents and records 
should be adequately stored for predefi ned periods of time.

21.3.5 Work management

Work shall be planned and performed in accordance with established 
requirements and administrative controls, and using approved documents 
that are periodically reviewed.

Important elements to be considered in a work management process are 
the following:

• Personnel competency
• Tools, equipment and materials adequacy
• Work control and supervision
• Applicable documents
• Working conditions.
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21.3.6 Design

The initial design and the subsequent changes shall be carried out in accor-
dance with established codes, standards, requirements and design bases.

The adequacy of design shall be verifi ed and validated, before the imple-
mentation, by additional individuals or groups. Design changes should be 
justifi ed and submitted to controls commensurate with the original design.

21.3.7 Procurement

Suppliers shall be evaluated and selected on the basis of specifi ed criteria 
and periodically assessed. The procured items or services shall meet estab-
lished requirements.

Suppliers of services acting on site should be subject to control 
and supervision commensurate with the safety relevance of the task 
performed.

21.3.8 Inspection and testing

Inspection and testing activities shall be performed under administrative 
controls and specifi ed criteria. More specifi cally, it is necessary to establish 
a methodology to identify those works that require inspection or testing 
and the technique to be applied.

21.3.9 Assessment

The adequacy and effectiveness of the quality assurance programme shall 
be assessed at different scopes, levels and frequencies. More specifi cally, 
management at all levels shall regularly assess the processes for which it is 
responsible, in order to determine its effectiveness and identify and correct 
those weaknesses and barriers that hinder the achievement of quality objec-
tives. Additionally, audits, reviews, checks and other methods of assessment, 
performed by personnel not involved in the work being assessed, shall be 
conducted on behalf of management in order to promote improvement.

21.4 Quality assurance during design

Design is the fi rst stage of a nuclear project in which quality assurance has 
to be applied within the context of this chapter. The correct application, 
from the beginning, of the quality assurance principles will provide ade-
quate confi dence that all criteria, regulations, codes and standards have 
been taken into account and incorporated in the design process of safety-
related systems, structures and components. This will prevent deviations, 
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with consequences that could require diffi cult and expensive corrective 
actions, and will be the basis for safer, more reliable and effi cient phases of 
construction, commissioning and operation.

The IAEA has established internationally accepted criteria and practices 
on quality assurance in design (IAEA, 1996a).

21.4.1 General considerations

The design stage of a nuclear power plant overlaps the construction stage. 
The responsible organization may establish separate organizations for these 
stages or combine them under one organization. In any case, the responsi-
bilities and interfaces shall be clearly defi ned and the status of the plant 
established.

The design changes during all subsequent phases must be, at least, devel-
oped and implemented in accordance with the same criteria.

Additionally to the criteria identifi ed in Section 21.3, the programme 
should consider aspects such as organization, interfaces, procedures, grading 
and human factors. In the following, some guidance on such aspects is 
provided.

In the area of organization and during all stages of a nuclear project, one 
of the more important aspects of the design control is the establishment of 
a single design authority. The design authority, also known as the principal 
designer, is the organization responsible for:

• Establishing the design requirements
• Control of interfaces
• Technical adequacy of the design process
• Ensuring that design output documents accurately refl ect the design 

basis
• Approval of design products.

These responsibilities are applicable whether the process is conducted fully 
in-house, partially contracted to outside organizations, or fully contracted 
to outside organizations.

As for interfaces, necessary arrangements shall be established between 
the principal designer and the organizations involved in commissioning and 
operating activities. The control should be performed through workfl ows of 
information, communication channels, distribution of responsibilities and 
mechanisms for the resolution of problems and discrepancies.

Procedures, adequately prepared, reviewed and approved, shall defi ne 
design activities such as:

• Planning
• Calculation
• Verifi cation and validation

�� �� �� �� ��



 Quality assurance during design, construction and operation 711

© Woodhead Publishing Limited, 2012

• Control of inputs and outputs
• Review and analysis
• Confi guration control.

The application of specifi c quality assurance requirements may be graded 
considering their signifi cance to nuclear safety. To establish the necessary 
grading of an item, service or process, the individual responsible should be 
guided through a series of questions, adapted to the case, to enable them 
to determine the signifi cance, the hazards and the magnitude of the poten-
tial impact and the possible consequences in case of failure. Some examples 
of design activities that could be graded are the following:

• The need for and level of review and approval
• The degree of verifi cation
• The retention time for design records
• The degree of verifi cation and test.

Finally, the human factor shall be considered, in terms of providing a 
safety-conscious and stress-free work environment, so that it allows the 
work to be performed in safe and satisfactory conditions.

21.4.2 Specifi c considerations

The design process has types of activities whose specifi cities must be taken 
into account in the quality assurance system. The basic activities in the 
design process are the following:

• Planning
• Inputs and requirements
• Verifi cation and validation
• Change control and outputs.

Planning

In the area of planning, every organization involved in design should plan 
the activities at the earliest opportunity, according to their scope, and in a 
chronological and documented way. The plans should include, where appro-
priate, the following:

• Scope of work
• Schedule of activities
• Inputs from disciplines such as safety, reliability, human factors and 

standardization
• Design methods
• Requirements (software, tests)
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• Verifi cation and validation activities
• Training requirements
• Controls and assessments.

Inputs and requirements

As for design inputs, procedures should be established in order to ensure 
that data and their modifi cations are adequately identifi ed, documented, 
approved and controlled. Procedures should assure that data have enough 
detail to allow the development of the associated activities. Examples of 
design inputs are the following:

• Functional and performance requirements
• Applicable codes, regulations and standards
• Technical parameters such as pressure and temperature, among others
• Physical requirements such as mechanical, chemistry, electrical and 

structural, among others
• Requirements to prevent undue risk to the health and safety of the 

public
• Maintenance, reliability and test requirements
• Experience feedback
• Probabilistic safety analysis
• Human error prevention
• Interface requirements.

Analysis of design criteria should be performed in order to confi rm or 
clarify the design basis parameters. The analysis, addressing the general 
criteria specifi ed for the project, should be suffi ciently detailed and docu-
mented to enable assessment by qualifi ed personnel other than those who 
carried out the analysis.

Verifi cation and validation

Design verifi cation is a process that aims to get a reasonable assurance that 
the design developed fulfi ls all the applicable requirements, including those 
related to inputs, planning, design execution and control of interfaces.

Verifi cation is performed using one or more methodologies, applied by a 
person or group different from that which carried out the design to be veri-
fi ed. Those people will have enough access to all necessary information to 
perform the task.

The required verifi cation shall be performed before the affected docu-
ments are issued for purchasing, fabrication, erection or transmission to 
another organization in order to be used in additional design activities. 
When criteria cannot be reasonably fulfi lled, the unverifi ed part will be 
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identifi ed and controlled; in any case, the verifi cation will be fi nished before 
the element acceptance.

The scope of the design verifi cation depends on the safety signifi cance of 
the affected element, the design complexity, the degree of normalization, 
the technological development status and the experience with similar previ-
ous designs.

Once a design has been submitted to a design verifi cation process, it is 
not necessary to repeat it for identical designs. However, the applicability 
of normalized or previously approved designs, against the input data 
and requirements, will be verifi ed. Additionally and if it exists, the experi-
ence feedback on normalized or previously approved designs shall be 
considered.

The original design and the verifi cation activities shall be documented 
and traced in the records, allowing subsequent supervisions or audits on the 
applied methodology.

There are three methodologies to perform design verifi cations:

• Design review
• Alternative calculations
• Qualifi cation tests.

In the following paragraphs the previous methodologies and validation will 
be described.

Design review

The design review aims to anticipate and identify potential problems or 
inadequacies and initiate corrective actions to ensure the fi nal design meets 
the design intent. In the review process, the questions to be solved should 
include, but not be limited to, the following:

• Were design inputs correctly identifi ed, selected and incorporated?
• Have original design requirements been met?
• Are assumptions adequately described and based?
• Was the design methodology appropriate?
• Were procedures followed?
• Is the design output complete and reasonable?
• Is the design output reasonable?

Alternative calculations

The verifi cation of some kind of calculations or design analysis can be per-
formed, comparing the original results to those obtained through other 
methodologies of analysis or calculation.
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When alternative calculations are used to verify original calculations, 
reviews should be performed to confi rm the adequacy of assumptions, the 
input data, the computer code and any other method of calculation used.

The alternative method used may be simpler or less rigorous than the 
original one. However, all safety-signifi cant differences must be assessed 
and justifi ed.

Qualifi cation tests

A test programme performed on a model or prototype may be used as a 
design verifi cation tool if it is performed under the most adverse design 
conditions for the specifi c design features being verifi ed. When criteria 
cannot be satisfi ed, testing may be acceptable if the results can be extrapo-
lated to the most adverse conditions.

Qualifi cation testing should be performed at qualifi ed testing facilities 
and in accordance with approved procedures defi ning the reference require-
ments, the test confi guration and the acceptance criteria.

Design validation

This is performed after the fi nal design verifi cation described in the previ-
ous paragraphs, under the operating conditions of pre-operational test per-
formed during the commissioning phase. It is carried out to confi rm by 
examination and provision of objective evidence that an item conforms to 
the specifi ed requirements.

Design outputs and change control

The fi nal product of the design process is refl ected in the design output 
documents that shall be adequately identifi ed, stored and retained. A typical 
list of documents contains the following:

• Specifi cations
• Drawings
• Verifi cation and validation records
• Technical analysis and safety evaluations.

Changes to design output, including changes to requirements, shall be justi-
fi ed, documented and controlled. Special consideration should be given to 
the impact of changes on other areas.

21.5 Quality assurance during construction

During the construction stage there are three main processes that can be 
developed in parallel:
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• The physical implementation of the design, solving the emergent 
problems

• The safe, reliable and effi cient development of the construction and 
manufacturing activities

• The installation handover for commissioning.

The large number of organizations, interfaces, activities and persons involved 
in this stage and under tight coordination requires a quality assurance pro-
gramme to be adequately established and implemented in order to reach 
reasonable confi dence of fi nal success.

The IAEA has established internationally accepted criteria and practices 
on quality assurance in construction (IAEA, 1996b).

21.5.1 General considerations

The construction stage of a nuclear power plant overlaps other stages such 
as design and commissioning. The responsible organization may establish 
separate organizations for these stages or combine them under one orga-
nization. In any case, the responsibilities and interfaces shall be clearly 
defi ned and the status of the plant established.

The responsible organization should identify the person who will occupy 
the position of head of the construction organization and who will have the 
overall responsibility for the construction activities. That person should 
have enough authority and resources to assume the responsibilities of 
ensuring that construction and installation activities will be carried out in 
accordance with the applicable requirements and planned programmes.

During the construction stage of a nuclear power plant the main quality-
related activities performed are the following:

• Preparing safe working procedures
• Monitoring the activities of all personnel on site
• Planning and coordinating the activities
• Controlling and supervising suppliers
• Carrying out a maintenance programme for equipment that could 

deteriorate
• Perform a pre-service inspection to obtain the baseline for future in-

service inspections
• Arranging the handover between suppliers and organizations.

Whilst the construction organization shall retain responsibility for 
coordinating and planning the overall construction of the plant, suppliers 
should be responsible for producing detailed plans and for obtaining the 
approval.

Considering the number of organizations and companies usually involved 
in the construction phase, it is necessary that interface arrangements are 
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agreed between participants. Examples of interfaces to be defi ned in writing 
are the following:

• Construction organization with suppliers, operating organization, prin-
cipal designer, sitting organization and Regulatory Body

• Suppliers with sub-suppliers and with test and commissioning 
organization.

The construction stage is the previous step for the commissioning period. 
That is why provisions should be made by the construction organization to 
control and coordinate the handover of completed works between suppliers 
and to the commissioning organization. These provisions should include the 
following:

• A planned and orderly transfer of responsibilities for structures, systems 
and components

• That documentation of transferred items is complete, accurate and con-
tains all non-conformances identifi ed and solved

• Offi cial transfer, signing of documents after a joint check of items and 
records.

More detailed considerations about the commissioning stage can be found 
in Section 21.6 and in Chapter 22.

A graded approach, based on the signifi cance for safety, may be applied 
to the following activities:

• Qualifi cation of special processes and associated personnel
• The need for, the detail and the degree of control of inspection plans
• The level of traceability.

21.5.2 Specifi c considerations

The construction period of a nuclear power station is characterized by two 
main factors: the extensive use of suppliers and the large number of items 
and tasks involved.

Suppliers participating in the construction must be selected from those 
who can demonstrate that they are suitably qualifi ed and experienced to 
carry out such work. Selection will be performed by the responsible organi-
zation according to a documented process and specifi c criteria.

Following the award of a contract, a kickoff meeting between both parties 
should take place in order to review and, if necessary, clarify the require-
ments and identify actions. Examples of topics to be covered are the 
following:

• Roles and responsibilities
• Interfaces and methods of communication
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• Documents to be approved before use
• Training and qualifi cation
• Materials and equipment
• Processes and expectations
• Records
• Assessments.

The use of sub-suppliers should be approved by the responsible organiza-
tion case by case and after the identifi cation of the necessary arrangements 
to ensure that the requirements are fulfi lled.

During the construction stage, a large number of items are received, 
stored, handled and used. To prevent their damage, misuse or loss of trace-
ability, items should be controlled. Items arriving on site should be visually 
inspected before unloading to verify the absence of damage. After receipt, 
a more detailed inspection will be performed to assure compliance with the 
applicable requirements. Examples of elements to be inspected are:

• Manufacturing and test documentation
• Identifi cation (traceability)
• Confi guration
• Protection
• Damage
• Cleanliness.

After reception, items will be stored under conditions specifi ed to prevent 
any damage prior to their installation or use. Storage areas should be estab-
lished and controlled, considering aspects such as:

• Access and security
• Safety grades
• Cleanliness and housekeeping
• Identifi cation
• Protection
• Preventive maintenance
• Limited service or shelf-life
• Physical and chemical characteristics.

At any time, all items must be handled by competent personnel, using 
adequate equipment and taking into account aspects such as:

• Weight and size
• Prescribed handling points
• Susceptibility to shock damage
• Handling equipment status and requirements
• Maintenance of environmental conditions
• Preservation of protection.
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To adequately control the activities of construction, the responsible orga-
nization will establish a supervisory programme containing the following 
elements:

• Methods
• Schedules
• Level required
• Acceptance criteria.

21.6 Quality assurance during commissioning

The main objective of the commissioning period is to demonstrate that the 
nuclear power plant has been constructed and functions according to the 
design intent and therefore the operation stage may start. An adequately 
established and implemented quality assurance programme will provide 
confi dence of the fulfi lment of such goal.

Commissioning is specifi cally considered in Chapter 22 so that the items 
covered in the previous and the following paragraphs are considered in a 
much broader sense, not only from the quality assurance point of view.

The IAEA has established internationally accepted criteria and practices 
on quality assurance in commissioning (IAEA, 1996c).

21.6.1 General considerations

The main objective of the commissioning period is to demonstrate that the 
nuclear power plant has been constructed and functions according to the 
design intent and, in consequence, that the operation stage may start.

The commissioning stage of a nuclear power plant overlaps two other 
stages: design and operation. As in previous stages, the responsible organi-
zation may establish separate organizations for these stages or combine 
them under one organization. In any case, the responsibilities and interfaces 
shall be clearly defi ned and the status of the plant established.

The responsible organization should identify the person who will occupy 
the position of head of the commissioning organization and who will have 
the overall responsibility for the commissioning activities. That person 
should have enough authority and resources to assume the responsibilities 
of executing the commissioning programme and operate systems and com-
ponents as necessary.

In this stage, the responsible organization shall establish for the fi rst time 
a set of important programmes that will have continuity during the opera-
tion stage:

• The radiation protection programme to protect the workers, the public 
and the environment against undue risks
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• The security programme to control access, prevent intrusion and avoid 
damage

• Emergency planning and preparedness to manage emergency 
situations.

The current industrial safety programme will be modifi ed, according to the 
results of the new risk analysis, adapted to the new plant status.

There are many internal and external interfaces that the responsible 
organization should address by applying procedures. Examples of inter-
faced organizations are the following:

• Construction organization
• Principal designer
• Operating organization
• Regulatory body
• Suppliers
• Inspection agencies.

Commissioning activities, whose requirements could be graded according 
to their safety signifi cance, are the following:

• Component testing
• Test analysis
• Commissioning records
• Equipment calibration programme.

The commissioning stage is the previous step for the operating period. That 
is why provisions should be made by the commissioning organization to 
control and coordinate the transfer of the whole plant on completion of 
commissioning activities. Before the commissioning activities are consid-
ered completed, all deviations shall be resolved.

During this stage, not only the specifi c activities related to commissioning 
shall be planned, but those related to modifi cations, replacements, preven-
tive maintenance and repair.

Programmes or methodologies established in previous stages will be 
adapted to consider the commissioning activities and requirements, as 
follows:

• Documentation and records
• Procurement
• Handling and storing
• Measuring and test equipment
• Housekeeping
• Training.
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21.6.2 Specifi c considerations

During the commissioning period, specifi c consideration should be given to 
the following areas that will be described below:

• Programme
• Design control
• Commissioning procedures
• Component and system control
• Verifi cation of commissioning activities.

Programme

To establish the scope of the commissioning programme, the plant should 
be divided into components, structures and functional systems. For every 
item or group of items, a detailed test programme will be prepared consid-
ering the design, function and performance characteristics.

During the testing programme, the following important data, which will 
be useful in the operating period, should be collected and documented:

• Operating parameters
• As-built characteristics
• Operating set points.

Design control

Any design change required as a result of commissioning activities shall be 
submitted to the design authority in order to be reviewed and approved, 
applying the same principles and methodology that were applied to the 
original design. The test results shall also be reviewed by the principal 
designer to ensure that equipment functionality is acceptable.

Commissioning procedures

The commissioning procedures should contain the necessary information 
related to applicable requirements, test objectives, personnel and equip-
ment requirements, precautions, step-by-step instructions, acceptance crite-
ria and records to be generated. Additionally, the principal designer should 
be involved in the procedure review process.

Component and system control

To ensure that systems and components are adequately identifi ed and that 
their related documentation is traceable, a methodology should be devel-
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oped and implemented. It is desirable that this identifi cation methodology 
could be transferred to the operations stage without changes.

In the commissioning period and in order to avoid events that can 
produce personnel injuries or equipment damage, it is necessary to control 
the operational status of structures, systems and components. An adequate 
methodology shall be deployed to establish whether an element is in service, 
in testing or out of service and to change an element’s status in a controlled 
manner.

When components and systems are taken out of service or returned to 
operation, verifi cation should be provided to the extent necessary to ensure 
that elements are in the desired status.

In some cases, for example to perform a test or to solve a problem, it 
could be necessary to implement a controlled temporary modifi cation to 
the installation. These modifi cations shall be risk-analysed, before the 
implementation, in order to determine their viability and the need for com-
pensatory measures or contingency plans. Status control shall be applied to 
the elements affected by this process.

Verifi cation of commissioning activities

Some commissioning activities shall be verifi ed, applying methods and 
acceptance criteria described in approved procedures. Examples of such 
activities are the following:

• Accordance between test pre-requirements and test procedures
• Parameters within the proper ranges for test conditions
• Reviews conducted as required
• Hold points fulfi lment.

The principal designer should be involved to verify that testing is in accor-
dance with design intent (procedure) and that design requirements have 
been met (results). When a design requirement is not fulfi lled, a non-con-
formance notice should be issued to manage the situation.

21.7 Quality assurance during operation

If decommissioning is not considered, operation is the last and longest stage 
of a nuclear project. The technical aspects of decommissioning are consid-
ered in Chapter 24.

In this period, the quality assurance programme must retain criteria 
applied in previous stages, because design, construction and commissioning 
are still present to a lesser extent but with the same relevance. Additionally, 
the programme must have an operational focus to consider the three basic 
facts that characterize the nuclear generation of electricity:
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• The large amount of energy stored in the reactor
• The necessity of removing the reactor’s residual heat for a long period 

of time
• The manipulation of radioactive products.

Safe and reliable operation of a nuclear power plant cannot be achieved 
without a sound quality assurance programme adequately established and 
implemented.

The IAEA has established internationally accepted criteria and practices 
on quality assurance in operation (IAEA, 1996d).

21.7.1 General considerations

The operation stage starts by overlapping with the commissioning period 
and ends with the decommissioning activities.

Nuclear power plant structures, systems and components must be for-
mally transferred from the commissioning organization to the operating 
one, assuring the following aspects:

• Components are checked to verify aspects such as identifi cation, integ-
rity, completion of tests and inspections, alignment, calibration and 
housekeeping

• Deviations are resolved
• The documentation is correct and complete and refl ects the as-built 

condition.

The operating organization should identify a person, endowed of the neces-
sary authority and resources, to be responsible for ensuring that all activities 
are performed so as to assure the safety of the public, personnel, plant and 
equipment, in general, and more specifi cally to assure that all activities are 
carried out in accordance with the regulatory requirements.

In the operating period there are many organizational interfaces that 
should be formally addressed in documents. Examples of such interfaces 
are:

• Commissioning organization
• Regulatory body
• Off-site organizations
• Organization responsible for design
• Plant departments
• Operating shifts.

As in other stages previously described, a graded approach to the quality 
assurance requirements, based on the relative importance for nuclear safety, 
may be established in activities such as:
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• Level of detail in the operating and maintenance instructions
• Testing, surveillance and inspection
• Reporting level of defi ciencies
• Calibration and condition monitoring
• Documentation and recording.

In this stage, the operating organization should adapt the programmes 
developed in the commissioning period (for instance radiation protection, 
waste management and emergency preparedness) to the new circum-
stances. Additionally, the operating organization shall establish a fi re pre-
vention and protection programme to protect personnel and equipment, 
providing methods and means for preventing, detecting, controlling and 
extinguishing fi res, and requiring periodic drills and exercises to confi rm 
the programme’s degree of implementation and effectiveness. This pro-
gramme, which should be consistent with the industrial regulations, should 
also contain adequate measures for controlling generation, and storage of 
combustible materials.

In the area of human factors, the working environments should allow 
work to be carried out in a safe and satisfactory way. Those factors that 
could infl uence the effectiveness and the fi tness for duty of the personnel 
should be identifi ed and addressed. Examples of such factors are the 
following:

• Duration of work time
• Availability of resources to perform and supervise the works
• Local conditions such as lighting, humidity or temperature
• Adequacy of alarms in terms of number, position and prioritization
• Availability of adequate procedures, tools and equipment.

21.7.2 Specifi c considerations

During the operation stage there are many specifi c aspects to be considered. 
The most important are grouped here in four basic areas: organizational 
process, documents, installation and personnel.

Organizational process

Under the basic area of organizational process, elements such as planning, 
verifi cation, testing, fuel handling, waste management, maintenance, chem-
istry, in-service inspection and operating experience will be considered.

A planning system, adequately established and implemented, is necessary 
to ensure that work at a nuclear power plant is planned and completed in 
a safe and reliable manner. The system should identify elements such as the 
following:
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• The work to operate and maintain the station
• The relative importance of each task through a graded approach
• The instructions to perform the work
• The requirements related to aspects such as radiation protection, fi re 

prevention and testing
• The records required to document the task performed
• The personnel requirements to perform the work.

A very important period in the operating stage is the outage of the plant 
for refuelling, maintenance or modifi cation. In these cases, detailed plan-
ning and tracking systems are required to ensure controlled execution of 
activities. Outage planning is a continuing process involving the next sched-
uled outage and several future outages. The outage plan should include an 
overall plan to control and properly sequence outage tasks and provide 
suffi cient detail to coordinate the work and track the progress.

Fuel handling is performed, depending on the basic design, while the 
plant is operating at power or in outage. In any case, that activity must be 
carried out under controlled conditions from the time of receipt of fuel 
through core loading, approach to criticality, on-line refuelling, and fuel 
removal, storage, transportation and disposal.

In order to identify and correct human errors that could produce events, 
verifi cation activities could be required in some operating items, services 
and processes such as restoration after maintenance or testing, relevant 
operating manoeuvres or availability of standby elements.

To assure availability and reliability of structures, systems and compo-
nents, tests are conducted during the operational phase. These tests can be 
divided in two groups: surveillance tests and functional tests. Surveillance 
tests are performed periodically at a pre-established frequency, and func-
tional tests are performed after maintenance, repair or modifi cation. In any 
case, tests shall be performed following suffi ciently detailed procedures 
describing instructions, acceptance criteria and records.

During power operation radioactive waste generation cannot be avoided 
but should be minimized and provisions made for the safe handling, storage, 
transport and disposal of radioactive solids, liquids and gases. The control 
activities should ensure that radioactive wastes are within the authorized 
limits and conditions established by regulations in aspects such as identifi ca-
tion, segregation, activity level, packing and records.

During the pre-operational stages, the operating organization shall 
prepare a maintenance programme based on pertinent information from 
designers, manufacturers and other operating organizations. The basic ele-
ments of a successful maintenance programme are planning, qualifi ed per-
sonnel, procedures, spare parts, special tools and equipment, and working 
environment.
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In general, there are two kinds of maintenance: corrective maintenance, 
understood as the repair and restoration of defective items, and preventive 
maintenance that tries to avoid or predict the failure. In both cases, the 
results must be recorded, trended and assessed in order to identify and 
implement improvements that increase availability and reliability.

Another important process is to provide optimum protection for plant 
systems through an adequate control of chemistry and radiochemistry that 
minimizes the corrosion process and the build-up of radioactive products. 
The main activities in the chemical and radiochemical process are the 
following:

• Timely detection and correction of abnormalities through sampling, 
monitoring and trending parameters

• Identifying and correcting defi ciencies and errors through data 
evaluation

• Ensuring the accuracy of analytical methods through the control of 
analytical conditions

• Ensuring the proper management of chemicals.

One of the best ways to improve safety and reliability is to learn from one’s 
own mistakes and, even better, from others’ mistakes. That is why the oper-
ating organization should implement an internal and external operating 
experience programme considering four basic elements:

• Capture of internal and external information
• Screening to identify the applicable information
• Analysis of selected events in a graded approach
• Identifi cation and implementation of corrective actions.

Documents

Before the beginning of work, adequate documents should be available in 
order to allow the people to perform the task in a safe and reliable way. 
Documents provided by vendors and drawings containing acceptance cri-
teria could be acceptable if the applicable sections are identifi ed in the plant 
documents.

To determine the degree of detail in a working document, the personnel 
competencies and the specifi c characteristics of the work should be consid-
ered. Additionally, the working documents should provide enough fl exibil-
ity to accommodate variations in the work methods while identifying the 
applicable limitations in technical or managerial areas.

In the area of working documents, special consideration should be paid 
to procedures and more specifi cally those related to normal operation, 
emergency operation and temporary activities.
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In the operation stage, operating procedures should be provided for the 
following activities:

• Transition from refuelling outages, through the different reactor condi-
tions, until power operation

• Steady-state power operation
• Changing load
• Response to abnormal conditions and alarms
• Fuel loading and unloading
• Operational testing.

Procedures for dealing with emergency conditions should be prepared to 
be used with the objective of returning the plant to conditions covered by 
the normal operating procedures or at least to provide a safe shutdown 
state for a long period of time. Due to the unexpected characteristics of an 
emergency situation, procedures should provide enough fl exibility to cope 
with changes in the situation, including multiple and sequential failures.

Sometimes a permanent procedure to perform an unusual or a brief task 
is not available. In these cases the use of temporary procedures is accept-
able, providing the following conditions are met:

• The same control requirements as for permanent procedures
• Identifi cation of the period of time during which they may be used
• Periodic assessment to confi rm their need.

Installation

Under the headline of installation will be considered aspects such as 
housekeeping, element identifi cation, equipment status, and temporary 
modifi cations.

Maintaining plant housekeeping and cleanliness is an essential activity to 
prevent negative circumstances such as:

• Entrance of foreign materials in open systems
• Contamination of items
• Uncontrolled movements of elements and personnel in and out of work 

areas
• Accidents and injuries.

Additionally, plant areas, structures, components and systems shall be 
uniquely and permanently labelled to facilitate positive identifi cation to 
personnel. This identifi cation, consistent with the codes and terminology 
used in the project documents, is the basis for adequate equipment status 
and control which will reduce the probability of mistakes that can lead to 
events.
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The control room operators shall be kept permanently informed of the 
plant status. Structures, systems and components can be in different situa-
tions such as in operation, available to operate, out of service for some 
reason, under testing, or affected by an abnormal or limiting condition. To 
achieve that objective, a methodology of confi guration control must be 
implemented. This methodology will take into account the following 
considerations:

• Control measures, such as locking and tagging, should be documented 
and used to prevent injuries and accidents.

• The position of valves, switches and other important items shall be 
known.

• Procedures describing the work authorization process should clearly 
defi ne responsibilities on equipment isolation, post-maintenance testing 
and return to operation.

• Placement and removal of tags shall be controlled.
• Operating personnel will grant permission for work after assessing the 

situation in particular and the plant status in general, during the fore-
casted period of time.

• Depending on the circumstances, the removal of an element and its 
return to service should be verifi ed.

• When elements are returning to service, operating personnel should 
confi rm its functional acceptability.

During the operation stage, and due to different circumstances, it could 
be necessary to implement temporary modifi cations such as electrical 
jumpers, bypass lines, temporary settings, lifted electrical leads, temporary 
blank fl anges and temporary defeats of interlocks. The documented meth-
odology to control temporary modifi cations shall take into account the 
following considerations:

• Assessing and approving the modifi cation before implementation
• Periodic review to confi rm their need
• Minimization in number and time limitation.

Personnel

In general, personnel are expected to apply continuously a set of safe atti-
tudes and behaviours, such as awareness, attention to detail, a questioning 
attitude and conservative decision making.

As a basic principle, operating personnel are responsible for operating 
the plant in accordance with operational limits and conditions. To fulfi l this 
expectation, it is necessary that operators are informed of all activities 
performed on the installation that could affect safe and reliable operation. 
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More specifi cally, the people working in the control room should apply the 
following practices:

• Acknowledging, analysing, responding to and eliminating the causes of 
alarms

• Maintaining the plant logs
• Acting professionally in the control room
• Optimizing the amount of paperwork to be performed during the shift
• Keeping other personnel informed about operating activities in 

progress
• Being prepared for emergency situations.

Line managers and supervisors, as part of their daily activities, should 
review the conduct of work under their responsibility. The main activities 
related to this responsibility are the following:

• Keeping informed about plant conditions
• Monitoring work
• Ensuring that deviations are identifi ed and solved
• Being alert to improvement opportunities
• Evaluating plant operation and documents
• Assisting the planning of future work.

In the fi eld, and additionally to those mentioned previously, supervisors 
should foster the implementation of practices that promote a safe and reli-
able operation. For example:

• Use of error reduction tools such as self-checking, peer checking, three-
way communication, use of phonetic alphabet, pre-job briefi ng and use 
of procedures

• Industrial safety, security and radiological protection practices.

During the operation stage, the responsible organization works 24 hours 
a day, seven days a week; in other words, people work on shift. In this kind 
of organization a relevant process is shift changeover and, like any other 
process, it must be formalized in terms of defi ning elements such as persons 
involved, distribution of responsibilities, location, methods of information 
transfer and provisions for special circumstances. More specifi cally, shift 
turnover should address the following issues:

• Operating status of structures, systems and components
• Relevant parameters
• Abnormal or degraded conditions
• Signifi cant works in progress
• Work planning
• Special or temporary instructions
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• Log readings
• Alarm status
• Key safety parameter status
• Relevant trends.

The participation of external personnel in the operational stage is less 
frequent than in the previous stages but could be more relevant. In fact, 
personnel who are not dedicated to the specifi c nuclear power plant areas 
and personnel of contracted suppliers who perform activities on plant 
systems should be appropriately trained and qualifi ed for the work they are 
to perform. Considering their previous training and qualifi cation, enough 
time should be provided to receive general employee training and specifi c 
training on the applicable plant procedures and practices. The work of these 
personnel should be reviewed by plant supervisors.

21.8 Assessment

Taking as a reference the classic quality improvement circle ‘Plan – Do – 
Check – Act’, represented in Fig. 21.1, the fi rst two steps, ‘plan’ and ‘do’, 
have been covered in the previous paragraphs since criteria to defi ne, estab-
lish and implement a quality assurance programme have been identifi ed. 
The objective of this paragraph, devoted to assessment, is to cover the steps 
related to ‘check’ and ‘act’.

The IAEA has established internationally accepted criteria and practices 
on the assessment of the implementation of a quality assurance programme 
(IAEA, 1996e).

Plan

Check

Act Do

21.1 The improvement circle.
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21.8.1 General considerations

Assessments could be defi ned as those activities performed to verify the 
implementation of applicable requirements and the adequacy and effective-
ness of the process. The result of an assessment is the identifi cation of areas 
for improvement and the implementation of actions to solve or prevent a 
defi ciency.

As with many other activities covered by the quality assurance pro-
gramme, assessments shall be performed by personnel adequately qualifi ed 
and the scope can be graded based on the safety relevance of the issue.

In general, an assessment should be performed following fi ve basic steps 
and activities:

• Planning: selection of areas, activities and requirements to be assessed
• Conduct: observation of activities, interviews and review of records
• Evaluation: identifi cation of fi ndings considering the causes
• Reporting: written communication of the performed activities and 

fi ndings
• Follow-up: identifi cation and implementation of corrective actions by 

the assessed organization. Verifi cation of implementation of the actions 
and close of the assessment by the assessor.

The different kinds of assessments can be classifi ed according to the follow-
ing schema:

• Independent assessments:
– External assessments
– Internal independent assessments

• Self-assessments:
– Management self-assessments
– Supervisors and workers self-assessments.

21.8.2 Specifi c considerations

In the following paragraphs some guidance on self-assessments and inde-
pendent assessments will be provided.

Independent assessment

This is a kind of assessment that is performed by personnel without respon-
sibility on the assessed matter. They can be divided into external or internal 
depending on the precedence of the assessors. Examples of external assess-
ments are:

• Peer reviews performed by the World Association of Nuclear Operators 
(WANO)
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• Reviews performed by the International Atomic Energy Agency 
(IAEA) through an Operational Safety Assessment Review Team 
(OSART)

• Reviews performed by qualifi ed agencies to certify the implementation 
of international standards such as ISO 9001 (quality management 
systems) or ISO 14001 (environmental management systems).

The internal independent assessments are performed by specifi c assessment 
units that have been designated by the responsible organization with the 
objective of acting on behalf of management. Examples of typical subjects 
addressed in internal independent assessments during different stages are 
as follows:

• Design:
– Use of software
– Design reviews
– Calculation control
– Document control
– Use of models

• Construction:
– Suppliers
– Housekeeping
– Control of handover process
– Materials testing
– Control of non-conformances

• Commissioning:
– Organizational interfaces
– Safety management
– Housekeeping
– Labelling
– Equipment status control
– Testing programme

• Operation:
– Control room activities
– Operating experience feedback
– Equipment reliability
– Design and procedure changes
– Control of abnormal conditions
– Radiological protection
– Security.

In the operational phase, a widely applied practice is to assess all safety-
related areas every two years.
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Self-assessment

This is a kind of assessment performed, in a routine and continuing process, 
by personnel with some degree of responsibility on the assessed matter. 
That includes technicians, supervisors and managers.

The activities of self-assessment are very varied. Good practices of self-
assessment performed by shopfl oor workers are:

• Self-checking, performed in risky activities or situations, through the 
application of four steps: stop, think, act and review

• Peer observations, performed during work stoppages to assess the fulfi l-
ment of expectations such as industrial safety requirements.

For supervisors, self-assessment activities are basically discrete checks such 
as inspecting, testing and checking.

In the case of line and senior managers examples of self-assessment areas 
and tools are:

• Objectives accomplishment
• Results and trends
• Observation of processes and services
• Plant tours
• Operating experience feedback.

To improve a process it is necessary to have reliable information about 
it or, in other words, to measure its basic parameters. The operating orga-
nization should identify and monitor the parameters that provide informa-
tion about safety, reliability and effectiveness. These parameters, named 
performance indicators, are useful as an assessment tool in the following 
ways:

• Establishing acceptance criteria (thresholds) that require corrective 
actions if overridden

• Identifying trends and recurrences
• Comparing performance to that of other organizations.

Good examples of internationally accepted performance indicators are 
those developed by the World Association of Nuclear Operators covering 
areas such as:

• Production data
• Reactor trips
• Availability of front-line safety systems
• Fuel reliability
• Collective dose
• Chemistry parameters
• Industrial safety rates.
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A graphical representation of the assessment programme’s structure 
would have a pyramidal shape, as in Fig. 21.2, where self-assessment would 
be on the bottom, because of its comprehensiveness and the amount of 
resources involved. For the same reasons, the internal independent assess-
ment would be in the middle of the pyramid and the external independent 
assessment would be on the top.

A good way to improve the assessment programme is to answer the fol-
lowing question, each time an assessment tool detects a defi ciency: why 
didn’t the lower assessment level detect it?

21.9 Human resources

Human resources requirements and training programmes are the subject 
of Chapter 6. In this section, some specifi c orientations on the quality assur-
ance area, applicable to any stage of a nuclear project, are provided.

In a nuclear project, everyone is responsible for achieving and maintain-
ing quality, through the implementation of a quality assurance programme. 
This is why the existence of a specifi c unit devoted to quality affairs is not 
specifi cally required. However, an organization devoted to internal inde-
pendent assessment activities should exist.

These units usually receive names such as quality assurance, quality man-
agement, assessment and others. Their size may differ widely from one 
project to another depending on factors such as regulations, general policy 

Self-assessment: 
individuals and working groups

Self-assessment: 
managers and supervisors
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21.2 The assessment programme.
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and organizational structure. However, they should have three basic 
common characteristics:

• Free access to any activity, organization, individual or document affected 
by the quality assurance programme

• Enough independence from other project organizations
• Strong support from top management.

Once these previous general criteria are established, the next two subsec-
tions will provide specifi c guidance on training for people performing inter-
nal assessments or involved in the quality assurance programme 
implementation.

21.9.1 Personnel performing quality-affecting activities

AENOR divides these personnel into three groups: managers, technicians 
and workers (AENOR, 1999).

Managers having the fi nal responsibility for establishing and implement-
ing the quality assurance programme should be thoroughly instructed and 
trained on the fundamentals and requirements of the programme, the his-
torical development of management and quality assurance systems and the 
codes and basic applicable regulations. Human factors such as communica-
tion, motivation and leadership should be considered as well.

Technicians having responsibility for execution, leadership or supervision 
of quality-related activities should be knowledgeable of the applicable fun-
damentals and requirements of the programme. In that way they should 
receive training and instruction on the following aspects:

• Codes and regulations
• Criteria related to management aspects of the establishment and imple-

mentation of the programme
• Corrective action programme
• Quality assurance requirements applicable to the stage of the project, 

for example siting, design, procurement and fabrication, construction 
and erection, licensing and operation

• Techniques on assessment or verifi cation such as inspection, testing, 
statistical methods, supervision or audits

• Human factors.

Workers having responsibility on the direct execution of quality-related 
activities according to established procedures will be instructed and trained 
on the following aspects:

• Applicable requirements of the quality assurance programme
• Methodologies to identify and report defi ciencies
• Use of error-prevention tools.
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21.9.2 Personnel performing assessment activities

Personnel performing assessments should be trained in quality assurance 
principles and in the specifi c methodology. Criteria for qualifi cation of 
assessment personnel should be established and include technical knowl-
edge, professional competence and experience. The assessment personnel 
should also have the ability to effectively observe, evaluate and report. 
Communications skills, integrity and the ability to maintain confi dentiality 
and objectivity are desirable attributes (IAEA, 1996e).

The assessment personnel should maintain their profi ciency and technical 
knowledge, applying actions such as:

• Regular participation in assessments
• Study of related documents
• Participation in training courses and seminars.

Different levels of qualifi cation could be established for personnel perform-
ing assessments. The levels should be associated with the roles in the assess-
ment (execution, supervision or preparation) and the requirements, in 
terms of academic certifi cations, experience or training, and should be 
graded accordingly. In the case of supervisions or reviews three levels could 
be acceptable. In the particular area of audits two levels are generally 
accepted: auditor and lead auditor.

21.10 Sources of further information and advice

There are international organizations and national institutions that have 
long been very active in developing quality assurance principles and require-
ments. The work and publications of such organizations and institutions 
provide detailed information on the subjects presented in this chapter.

Among others, three international organizations are considered good 
sources of further information. As already seen in the text, the IAEA is 
specifi cally concerned with quality assurance at nuclear installations. The 
International Organization for Standardization, ISO, is a large organization 
dealing with all types of standards, including the subject of quality assurance 
from a holistic viewpoint. Within Europe, the European Foundation for 
Quality Management, EFQM, emphasizes the basic aspects of managing 
quality assurance.

All industrial nations have national institutions for quality assurance and 
quality management in general, as well as working groups or specifi c institu-
tions to consider nuclear activities. It is not possible to record all these 
national activities. Three countries have been selected: the USA, Germany 
and Spain. The fi rst two are heavily industrialized and have developed 
whole sets of nuclear standards on quality assurance directly applicable to 
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nuclear power plants; although the basic principles are similar, the 
approaches are different in accordance with the idiosyncrasy of the corre-
sponding industrial practices. Spain has been an importer of nuclear tech-
nology from both countries, has assimilated both approaches and created 
its own set of quality assurance requirements. It could be a good example 
for those entrant countries that may rely on different exporters for their 
nuclear power projects.

21.10.1 International institutions

International Atomic Energy Agency (IAEA)

The Agency is an independent international organization and part of the 
United Nations family. Three main pillars – or areas of work – underpin 
the IAEA’s mission: Safety and Security; Science and Technology; and 
Safeguards and Verifi cation. The IAEA documents selected for further 
information are as follows:

 1. Establishing and Implementing a Quality Assurance Programme, 
50-SG-Q1, 1996.

 2. Non Conformance Control and Corrective Actions, 50-SG-Q2, 1996.
 3. Document Control and Records, 50-SG-Q3, 1996.
 4. Inspection and Testing for Acceptance. 50-SG-Q4, 1996.
 5. Quality Assurance in the Procurement of Items and Services, 50-SG-Q6, 

1996.
 6. Quality Assurance in Manufacturing, 50-SG-Q7, 1996.
 7. Responsibilities and Capabilities of a Nuclear Programme Implementing 

Organization, NG-T-3.6, 2009.
 8. The Operating Organization for Nuclear Power Plants, NS-G-2.4, 2001.
 9. OSART Guidelines, 2005.
 10. Application of the Management Systems for Facilities and Activities, 

GS-G-3.1, 2006.
 11. The Management System for Nuclear Installations, GS-G-3.5, 2009.
 12. Nuclear Power Plant Outage Optimisation Strategy, TECDOC 1315, 

2002.
 13. Management Strategies for Nuclear Power Plant Outages, TRS 449, 

2006.

International Organization for Standardization (ISO)

ISO is a non-governmental organization that develops and publishes 
international standards. Two ISO documents, ISO (1996) and ISO (2000), 
selected for further information, describe criteria and requirements for 
the implementation of systems to manage the areas of quality and the 
environment.
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European Foundation for Quality Management (EFQM)

The EFQM is a non-profi t membership foundation. Its mission is to 
help organizations to continuously improve and achieve higher levels of 
performance, providing different kinds of services. The document selected 
for further information, EFQM (2010), defi nes an excellence model. The 
model establishes eight fundamental concepts of excellence and a frame-
work based on nine factors, fi ve of them being ‘enablers’ and the rest 
‘results’.

21.10.2 United States of America

Nuclear Regulatory Commission (NRC)

In the USA, all persons and organizations who receive a licence from the 
Regulatory Body, NRC, to use nuclear materials or operate nuclear facili-
ties are obliged to comply with Title 10 of the Code of Federal Regulations 
(CFR). This Code is divided in parts and part number 50 is devoted to 
‘domestic licensing of production and utilization facilities’.

Appendix B of Title 10, part 50, of the Code of Federal Regulations (10 
CFR Part 50) establishes 18 basic quality assurance criteria for nuclear 
power plants and fuel reprocessing plants.

The NRC has also developed criteria to guide their staff in the review of 
applications to construct and operate nuclear power plants. All these crite-
ria are compiled in a document identifi ed as Standard Review Plan, NUREG 
0800. It contains 18 chapters, one of them fully devoted to the applicable 
requirements in all stages of a nuclear project.

American National Standards Institute (ANSI)

The US standards and assessment system is based on the work of the 
American National Standards Institute (ANSI). The ANSI assigns overall 
responsibility for coordination, development and maintenance of nuclear 
power quality assurance standards to the American Society of Mechanical 
Engineers (ASME). The ASME Committee on Quality Assurance has pre-
pared the following document (ANSI/ASME, 2008) as a source of further 
information:

• ANSI/ASME NQA-1, Quality Assurance Requirements for Nuclear 
Facilities Applications, 2008.

In this document, specifi c requirements for the 18 criteria identifi ed in 
Appendix B of 10 CFR Part 50 are developed.
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21.10.3 Germany

The Nuclear Safety Standard Commission (KTA) is the organization 
responsible for issuing standards on nuclear technology in Germany. Among 
a programme of nearly 100 standards, general requirements (KTA, 1996) 
establishes general criteria applicable to 10 areas in all stages of a nuclear 
project. Other KTA standards have been selected as sources for further 
information and are as follows:

 1. Requirements Regarding the Operating Manual, KTA 1201, 1985.
 2. Requirements Regarding the Testing Manual, KTA 1202, 1984.
 3. Documentation during the Construction and Operation of Nuclear Power 

Plants, KTA 1404, 1989.

21.10.4 Spain

Consejo de Seguridad Nuclear (CSN)

The Spanish Nuclear Regulatory Body, CSN, has established a set of safety 
guides to describe acceptable methods to fulfi l the Spanish nuclear regula-
tions. There is a safety guide (CSN, 1999) of a general nature and a series 
of specifi c guides (in Spanish only) as follows:

 1. CSN, Sistema de Documentación sometida a Garantía de Calidad en 
Instalaciones Nucleares, GS 10.2, 2002.

 2. CSN, Auditorías de Garantía de Calidad, GS 10.3, 2002.
 3. CSN, Garantía de Calidad para la Puesta en Servicio de Instalaciones 

Nucleares, GS 10.4, 1987.
 4. CSN, Garantía de Calidad en Procesos, Pruebas e Inspecciones de 

Instalaciones Nucleares, GS 10.5, 1999.
 5. CSN, Garantía de Calidad en el Diseño de Instalaciones Nucleares, GS 

10.6, 2002.
 6. CSN, Garantía de Calidad en Instalaciones Nucleares en Explotación, GS 

10.7, 2000.
 7. CSN, Garantía de Calidad para la Gestión de Elementos y Servicios para 

Instalaciones Nucleares, GS 10.8, 2001.
 8. CSN, Garantía de Calidad de las Aplicaciones Informáticas Relacionadas 

con la Seguridad de las Instalaciones Nucleares, GS 10.9, 1998.

Asociación Española de Normalización (AENOR)

This is an entity devoted to the normalization and certifi cation in any indus-
trial or services area. In the catalogue of norms, part 73 is related to the 
nuclear industry, and series 400 to quality assurance. There is a norm 
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(AENOR, 1995a) of a general nature and three more specifi c norms (in 
Spanish only) devoted to design and training activities as follows:

 1. AENOR, Garantía de la Calidad en el Diseño de las Instalaciones 
Nucleares, UNE 73 402, 1995.

 2. AENOR, Formación en Garantía de Calidad del Personal para 
Instalaciones Nucleares, UNE 73 406, 1999.

 3. AENOR, Formación y Cualifi cación del Personal de Garantía de la 
Calidad para Instalaciones Nucleares, UNE 73 405, 2001.
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21.12 Appendix: list of abbreviations and acronyms

AENOR: Asociación Española de Normalización (Spanish Association for 
Normalization)
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ANSI: American National Standards Institute
ASME: American Society of Mechanical Engineers
CEO: Chief Executive Offi cer
CFR: Code of Federal Regulations
CSN: Consejo de Seguridad Nuclear (Nuclear Safety Council)
EFQM: European Foundation for Quality Management
IAEA: International Atomic Energy Agency
INSAG: International Nuclear Safety Advisory Group
ISO: International Organization for Standardization
KTA: Kerntechnischer Ausschuss (Nuclear Safety Standard)
NRC: Nuclear Regulatory Commission
OSART: Operational Safety Assessment Review Team
UNE: Una Norma Española (a Spanish norm)
USA: United States of America
WANO: World Association of Nuclear Operators
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22
Commissioning of nuclear power 

plants (NPPs)

E. GRAUF, se-engineering GmbH, Germany

Abstract: This chapter explains the commissioning of nuclear power 
plants. It fi rst highlights the importance of the commissioning for plant 
safety and its value for the training and qualifi cation of power plant 
operating personnel. The chapter describes the roles and responsibilities 
of the main participants in the commissioning process, and their 
interactions, for example, the Operating Organization, the supplier and 
the Regulatory Body. The chapter also deals with typical commissioning 
phases, the scope of those phases and related commissioning tests. 
Furthermore, typical organizational arrangements, procedures and 
documentation needed to manage the commissioning process are 
explained.

Key words: nuclear commissioning, commissioning stages, commissioning 
manual, test procedures, test verifi cation, pre-operational tests, fi rst 
criticality, low-power tests, power tests, cold performance test, hot 
performance test, commissioning experience, plant handover, 
commissioning documentation.

22.1 Introduction

The commissioning phase is one of the most interesting and important 
phases in the lifetime of a nuclear power plant (NPP). It is a short but very 
intense period, typically encompassing 1–2 years in the total lifetime of an 
NPP. In no other period of the plant lifetime can operating staff gain more 
real in-depth knowledge and experience about plant design and plant 
behaviour in such a comprehensive way as is possible during plant 
commissioning.

The commissioning phase is essential to the subsequent safe operation 
of the plant, and therefore has to be carefully planned and executed. The 
results of commissioning have to demonstrate that the requirements and 
intentions of the design and the intentions of the designers, as stated in the 
safety analysis report, have been met and that the unit is ready for a long-
lasting and successful operational phase.

In addition, with the commissioning tests the suppliers have to demon-
strate that all commercial expectations fi xed in the contract – such as power 
output, load following capabilities, availability factors, etc. – are met or 
are likely to be achievable within the following operating period. The 
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commissioning phase also supports the defi nition of initial characteristics 
of systems and equipment and provides the source values for operational 
periodic tests.

22.2 Codes, standards and other requirements for the 

commissioning of nuclear power plants (NPPs)

Although the commissioning phase is extremely important in the construc-
tion of NPPs to ensure safe and reliable operation, there is very little infor-
mation available in offi cial guidelines and regulatory standards on the 
commissioning of NPPs. One reason might be the fact that, from the start 
of nuclear commissioning, all requirements for the operation, surveillance 
and maintenance of NPPs have to be followed, since the safety precautions 
at this stage do not differ from those of the normal operation phase, i.e. 
additional aspects to be considered in the commissioning phase are limited. 
Therefore, guidelines such as those of the International Atomic Energy 
Agency, e.g. NS-R-2, Safety of Nuclear Power Plants: Operation (IAEA, 
2000) and others, are also valid for the nuclear commissioning phase.

Only the IAEA provides more specifi c guidance with its Safety Guide 
(IAEA, 2003) Commissioning of Nuclear Power Plants. Few countries have 
transferred the recommendations from the IAEA into dedicated national 
guidelines; one exception is the Finnish Regulatory Body (STUK), with its 
nuclear guide The Commissioning of a Nuclear Power Plant (STUK YVL 
2.5) (STUK, 2003).

In most countries the aspect of commissioning is dealt with in other regu-
latory documents, for example the requirements for licence application. A 
typical example is provided by the UK step-by-step guide from the Health 
and Safety Executive (HSE), Applying for a Nuclear Site Licence for New 
Nuclear Power Stations (HSE, 2008).

However, in these cases, the aspects related to commissioning usually 
focus on the necessary preconditions to be provided by the Operating 
Organization in order to permit the nuclear commissioning. Typical precon-
ditions include the provision of adequate documentation to demonstrate 
that all necessary safety arrangements, in particular adequate emergency 
procedures, are in place. Often these guidelines include test stages to be 
followed and/or hold points to allow the regulator to verify the test results 
before giving permission to continue the commissioning process to the next 
stage.

Owing to the fact that nuclear regulations in general contain no details 
about the scope and content of the commissioning of NPPs, it is usually the 
Operating Organization, in cooperation with the plant supplier, that is 
responsible for providing a commissioning programme for the regulator; 
this programme will cover the administrative arrangements, the safety pre-
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cautions and the test programme, including all test procedures and success 
criteria – as described in the following subsections. Based on the documen-
tation provided, the regulator may then permit the start of nuclear 
commissioning.

22.3 Commissioning programme and stages 

of commissioning

The commissioning programme of an NPP includes all the tests to verify 
the completion of the construction and the plant’s readiness for safe opera-
tion. The commissioning programme is usually divided into stages. A review 
of the test results of each stage has to be completed before continuing to 
the next stage. Following the review, a judgement is made on whether the 
commissioning programme can continue to the next stage, and whether the 
succeeding stages need to be modifi ed as a consequence of the test results 
or because some tests in the stage had not been undertaken or had not been 
completed.

On the basis of the broad range of commissioning practices in the nuclear 
industry, the commissioning process is usually divided into the following 
stages:

• Pre-operational tests
• Fuel loading and subcritical tests
• Initial criticality and low-power tests
• Power tests.

Often additional sub-stages are defi ned.
For the design of the commissioning process and its different stages, some 

generic aspects have to be considered:

• Each stage and sub-stage needs careful planning, preparation and 
description using commissioning procedures explained in Section 22.8.

• The sequence of tests within each sub-stage follows the chronological 
order in which they are expected to be performed.

• At the end of each commissioning phase the test results must be evalu-
ated and reviewed before the next stage is started; before the start of 
initial criticality tests, low-power tests and power tests, all the tests at 
the previous stages must be successfully completed.

• Each stage includes the tasks necessary for the preparation of the suc-
ceeding stage and in particular the availability requirements of the 
systems for the succeeding stage.

• To the extent practicable, the tests should be of suffi cient duration to 
allow the systems and components under test to reach their normal 
equilibrium conditions, thus reducing the probability of failure in the 
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early stages of operation. Furthermore, careful consideration should be 
given to the demonstration of the capability of the systems and compo-
nents to withstand failures and/or malfunctions that previous experience 
has shown may occur over the expected plant lifetime.

• To ensure plant safety, all relevant safety system settings and alarm set-
tings, including those of radiological protection instruments, need to be 
specifi ed at the appropriate commissioning stages.

The design of the complete test programme and its test procedures is 
mainly based on suppliers’ and Operating Organization know-how and 
experience. However, the annex to Guide NS-G-2.9 (IAEA, 2003) provides 
a detailed listing of typical commissioning tests structured into the different 
phases. Although this list is based on water reactors, it is a valuable source 
of information for the development of a plant-specifi c commissioning 
programme.

22.4 Pre-operational tests

A pre-operational test mainly involves the testing of components before 
entering cold performance tests. Before the commencement of the initial 
testing of any structure, system or component the following prerequisites 
need to be checked:

• Completion of all construction activities associated with the system or 
component, including quality assurance and provision of documentation 
to the extent necessary and practicable

• Readiness for operation: inspection for proper fabrication (including 
welding) and cleanness, checking of electrical and protective devices, 
adjustment of settings on valve torque-limiting devices, calibration of 
instruments, verifi cation of operability of instrument loops and required 
response times, adjustment of settings for process controllers and limit 
switches.

In summary, the above reviews have to ensure that the construction is of 
the appropriate quality and that the equipment is in a fi t state for commis-
sioning to be started. In most cases these reviews are part of an organized 
handover process from the supplier’s construction team to the supplier’s 
commissioning team.

A satisfactory pre-operational test programme considers the proper 
sequence of tests of electrical systems, instrumentation systems and other 
service systems, such as cooling water systems and fi re protection systems, 
in order to ensure the availability of the necessary services and safety mea-
sures for the implementation of the entire commissioning programme.

Before starting with pre-operational tests – as for all the following com-
missioning tests – test equipment needs to be operable and properly cali-
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brated, and response times, of recorders for example, are in accordance with 
the specifi cation described in the test procedures. Often the pre-operational 
stage is divided into two additional sub-stages, the cold performance tests 
and the hot performance tests.

22.4.1 Cold performance tests

Cold performance tests include the initial start-up of fl uid systems and 
support systems. The objective of this stage is to obtain initial operational 
data on equipment, ensure compatibility of operation with interfacing 
systems and verify the functional performance of these systems. The tests 
usually include pressure testing of the primary, secondary and other sup-
porting systems.

22.4.2 Hot performance tests

Hot performance tests are undertaken to verify that the systems conform 
to the specifi ed requirements. Where possible, these tests follow cold per-
formance tests, simulating plant operating conditions as far as is practicable, 
including anticipated operational occurrences at typical temperatures, pres-
sures and fl ow rates.

The tests verify, to the extent possible, the effectiveness of heat insulation 
and heat removal systems. They enable initial checking of fl ow rates, vibra-
tion, clearances and other provisions made for accommodating the thermal 
expansion of components or systems. The operation of instruments and 
other equipment at high temperature is verifi ed and the relevant operating 
techniques are confi rmed.

The duration of hot performance testing is extended until a steady-state 
operating condition is achieved, in order to determine whether the struc-
tures, systems and components are operating according to specifi cations. It 
is good practice to start from the beginning of this sub-stage with the use 
and verifi cation of the operating procedures.

22.5 Nuclear commissioning

22.5.1 Fuel loading and subcritical tests

With the arrival of fuel on site, and in particular the fuel loading into the 
reactor core, the nuclear commissioning starts; this is an important mile-
stone in completing the project. As radiation risks will arise for the fi rst 
time during nuclear commissioning and radioactive waste will be generated, 
it is essential that all safety provisions and emergency preparedness pro-
grammes are in place before the nuclear commissioning phase begins. The 
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purpose of the stage of fuel loading and subcritical tests is to ensure that 
the fuel is loaded into the reactor safely in accordance with the loading 
pattern precalculated in the design. In addition, at this stage the reactor is 
checked to confi rm whether it is in a suitable condition to be started up and 
that all prerequisites for permitting the reactor to go critical have been met.

The beginning of initial fuel loading is the commencement of nuclear 
operation; from this point onwards the relevant safety requirements for 
plant operation apply. Responsibility for meeting these safety requirements 
usually rests from this juncture with the plant manager. However, as 
explained in Section 22.7.4, sometimes other arrangements are made.

With the core loaded and the reactor maintained in a subcritical condi-
tion, a series of performance tests is carried out. These include checks on 
coolant fl ow rates, instrumentation, control rod mechanisms, automatic rod 
insertion and other important features of the primary circuit. Special atten-
tion is given to vibrations of core internals, fretting and loose parts signals 
and other phenomena that may result in component degradation.

Where necessitated by the reactor design, system fl ow tests and, as usual 
in pressurized water reactors (PWRs), cold and hot primary function tests 
of appropriate duration are made with the loaded core. Prior to and with 
the core loading itself, appropriate tests of fuel handling equipment are 
performed. In addition, radiological surveys and functional tests of radia-
tion protection equipment are common practice.

22.5.2 First criticality

The highlight of any nuclear commissioning is the initiation of fi rst critical-
ity of the NPP. There is no doubt that all required safety provisions and 
arrangements for handling emergencies must be in place, and in most coun-
tries they must be verifi ed by the regulator as a basis for his permission to 
start up the reactor. Fuel loading and subcritical tests have demonstrated 
that the core is in accordance with the design criteria and that safety systems 
are ready for operation. Final checks of the reactivity control systems are 
carried out before initiating fi rst criticality: for example, checking of control 
rod withdrawal and insertion times in cold and hot conditions, checking that 
boron concentration in PWRs is as designed, checking the reactor protec-
tion system and protective interlocks, checking that reactivity measure-
ments like source range and all other neutron measurements are calibrated 
and tested. Furthermore, shutdown margins and chemical conditions of 
reactor coolant and coolant within other systems have to be in accordance 
with the Technical Specifi cations of the NPP.

If all the above safety prerequisites are met and the regulator’s permis-
sion is granted, the reactor operator can initiate reactor criticality depend-
ing on plant design, with the withdrawal of control rods for boiling water 
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reactors (BWRs) and advanced gas-cooled reactors (AGRs) or the reduc-
tion of boron concentration for pressurized water reactors (PWRs). This 
fi rst start-up procedure is usually supervised by the responsible plant man-
agement, supplier’s commissioning personnel and reactor core physicists.

22.5.3 Low-power tests

At the stage of initial criticality and low-power tests, the initial criticality of 
the loaded core is achieved for the fi rst time. The subsequent low-power 
tests are carried out to confi rm the following:

• The performance of the reactor core is commensurate with predictions 
made in the core design.

• The reactor core is in a proper condition for operation at higher power 
levels and the characteristics of the reactor core coolant, reactivity 
control systems and shielding are appropriate.

• The reactor physics parameters are in accordance with predictions made 
in the design.

In order to permit power testing, assurance will fi rst be obtained on the 
basis of the information gained from these low-power tests that there is no 
serious discrepancy between measured values of reactor physics parameters 
and other parameters and values used in the safety analysis report. The 
power levels at this stage are the lowest that will give reliable and stable 
measurements and which enable the conditions required to perform the 
specifi ed tests to be achieved. Usually, special start-up instrumentation is 
added for this purpose and the trip limits of the nuclear fl ux channel for 
the reactor protection system are set to a conservative low level.

After achieving initial criticality, additional tests are performed as neces-
sary to verify that the behaviour and characteristics of the core, cooling 
system, reactivity control systems, reactor physics parameters and shielding 
are as expected, and that the reactivity coeffi cients are as assumed in the 
safety analysis report. Tests are also performed to confi rm the operability 
of plant systems and design features that could not be completely tested 
during the pre-operational test phase owing to the lack of an adequate heat 
source for the reactor coolant system and the main steam system. The fol-
lowing list, derived from the IAEA NS-G-2.9 Safety Guide (IAEA, 2003), 
is illustrative (but not a comprehensive record) of the tests to be conducted, 
as applicable, if they were not completed previously during pre-operational 
hot functional testing:

• Neutron and gamma radiation surveys
• Determination that there is an adequate overlap of source range and 

intermediate range neutron instrumentation, and verifi cation of alarms 
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and protective functions intended for operation in the low-power test 
range

• Checks on changes in detector sensitivity as a result of changes in tem-
peratures of coolant and shielding

• Comparison of the actual critical confi guration with the predicted 
confi guration

• Measurement of the temperature reactivity coeffi cient for poison and 
moderator and/or coolant over the temperature range and poison con-
centration range in which the reactor may become critical

• Test of scram time for control rods and shutdown rods at rated tempera-
ture in the reactor coolant system

• Determination of reactivity worth for control rods and the control rod 
bank, including verifi cation of the rod insertion limits required to ensure 
an adequate shutdown margin, consistent with the assumptions for acci-
dents (e.g. with the control rod of greatest reactivity worth failing to 
enter the core)

• Determination of the reactivity worth of the most reactive rod
• Measurements of absorber reactivity worth
• Determination of the absorber concentration at the initial allocation of 

criticality and reactivity
• Flux distribution measurement with normal rod patterns (this may be 

performed at a higher power, consistent with the sensitivity of in-core 
fl ux instrumentation)

• Operability of the control rod withdrawal and insertion sequencers and 
of the inhibit or block functions associated with control rod withdrawal 
up to the reactor power level at which such features must be operable

• Chemical and radiochemical measurements to demonstrate the design 
capability of the chemical control systems and of the installed analysis 
and alarm systems to maintain water (or gas) quality within limits in the 
moderator, reactor coolant and secondary coolant system

• Chemical tests of control fl uid quality
• Verifi cation of the proper response of radiation monitors to a known 

source
• Confi rmation of the calibrations of reactivity control devices as pre-

dicted for standard rod patterns (for non-standard patterns, the differ-
ential and integral reactivity worth are to be determined)

• Leak tests of the reactor coolant system
• Measurements or checks of reactor vessel internals and of the vibration 

of components of reactor coolant systems
• Verifi cation of piping and component movements, vibrations and expan-

sions for the acceptability of safety systems
• Operability, including stroke times of isolation valves and bypass valves 

for the main steam line and branch steam line at rated temperature and 
pressure conditions
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• Operability of the leakage control system for the main steam isolation 
valves

• Operability of the computer system for process control
• Operability of pressurizer relief valves and main steam system relief 

valves at rated temperature
• Operability of residual heat removal systems or decay heat removal 

systems, including atmospheric steam dump valves and turbine bypass 
valve

• Operability of purifi cation and clean-up systems for the reactor coolant 
system.

22.5.4 Power tests

A comprehensive range of power tests is carried out to confi rm that the 
plant can be operated in accordance with the design intent and that the 
plant can continue to be operated in a safe manner. This stage in general 
is limited to those tests that can be carried out only at power. Usually 
the commissioning proceeds with a step-by-step approach to full power 
and full power tests. At each sub-stage a series of tests are carried out 
at specifi ed power levels. Typical steps are 10, 30, 60, 95 and 100% of full 
power.

The basis for the determination of tests in the power commissioning 
phase is those transients and events the plant is designed for, according to 
the Safety Analysis Report. The following list, again derived from the IAEA 
NS-G-2.9 Safety Guide (IAEA, 2003), is illustrative (but not a comprehen-
sive record) of typical types of performance demonstrations, measurements 
and other power tests for water reactors:

• Evaluation of core performance: reactor power measurements, verifi ca-
tion of the calibration of fl ux and temperature instrumentation, with 
suffi cient measurements and evaluations conducted to establish fl ux 
distributions, local surface heat fl ux, linear heat rate, departure from 
nucleate boiling ratio, radial and axial power peaking factors, maximum 
average planar linear rate of generation of heat, minimum critical power 
ratio and quadrant power tilt throughout the permissible range of power 
to fl ow conditions

• Test of dropped rod: effectiveness of instrumentation in detecting a 
dropped rod and verifi cation of associated automatic actions

• Verifi cation of scram times after plant transients that result in 
scrams

• Determination of the reactivity worth of the most effective rod
• Evaluation of fl ux asymmetry with a single rod assembly both fully 

and partially inserted below the control bank, and evaluation of its 
effects
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• Operation of control rod sequencers, reactivity worth minimizers for 
control rods, rod withdrawal block functions, rod runback, partial scram 
and ‘select rod insert’ features

• Operation of reactivity control systems, including functioning of control 
and shutdown rods and poison addition systems

• Calibration of reactivity control devices, as necessary, and verifi cation 
of the performance of major or principal plant control systems such as 
the average temperature controller, automatic reactor control systems, 
integrated control system, pressurizer control system, reactor coolant 
fl ow control system, main, auxiliary and emergency feedwater control 
systems, hot well level control systems, steam pressure control systems 
and reactor coolant make-up and let-down control system

• Measurement of power control by fl ow variation and demonstration of 
fl ow control

• Rod pattern exchange demonstration (at the maximum power that rod 
exchange will be permitted during operation)

• On-power refuelling tests if applicable
• Tests of power reactivity coeffi cients or power versus fl ow 

characteristics
• Tests of dynamic plant response to the design load following operation, 

including step and ramp changes, and response to automatic control
• Test of the dynamic response of the core and plant to fast load changes 

initiated by the load control
• Test of the capability of plant systems to control oscillations in xenon 

levels in the core
• Operation of the reactor coolant system with the plant in steady-state 

condition to establish fl ow rates, reverse fl ows through idle loops or jet 
pumps, core and channel fl ow, differential pressures across the core and 
major components in the reactor coolant system, and vibration levels of 
other components

• Natural circulation tests of the reactor coolant system
• Determination of baseline data for the monitoring system for loose 

parts of the reactor coolant system
• Vibration monitoring of reactor internals in steady-state and transient 

operation, if this testing has not been completed previously
• Demonstration of effectiveness of leak detection systems for reactor 

coolant, if not previously demonstrated
• Operation of failed fuel detection systems in accordance with 

predictions
• Radiation surveys to determine the effectiveness of the shielding
• Process radiation monitoring systems and effl uent radiation monitoring 

systems: correctness of response
• Chemical analyses (at frequent intervals)
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• Functioning of chemical and radiochemical control systems and sam-
pling to verify that the characteristics of the reactor coolant system and 
secondary coolant system are within specifi ed limits

• Operation of processing, storage and release systems for gaseous and 
liquid radioactive wastes

• Effl uent monitoring systems: verifi cation of calibration by laboratory 
analysis of samples (as early in power ascension as possible and repeated 
at defi ned power steps)

• Process computer – comparison of safety-related predicted values with 
measured values; verifi cation of inputs to control room computers or 
process computers from process variables, data printouts and validation 
of performance calculations performed by the computer; validation of 
all computer safety functions

• Turbine trip tests
• Tests of generator main breaker trip, with the method used for opening 

the generator output breakers (by simulating an automatic trip) selected 
such that the turbine-generator set will be subjected to the maximum 
credible overspeed condition they could encounter during plant 
operations

• Tests with loss of off-site power up to 100% of generator power output
• Functional tests of relief valves – verifi cation of operability, response 

times, set points and reset pressures, as appropriate, for pressurizer relief 
valves, main steam line relief valves and atmospheric steam dump valves

• Verifi cation of operability and response times of isolation valves for the 
main steam line and the branch steam line

• Evaluation of performance of shutdown cooling system – capability of 
all systems and components provided to remove residual heat or decay 
heat from the reactor coolant system, including condenser steam dump 
valves or atmospheric steam dump valves, the residual heat removal 
system in steam condensing mode and the reactor core isolation cooling 
system, and testing of the auxiliary feedwater system to include provi-
sions that will provide reasonable assurance that excessive fl ow instabili-
ties (such as ‘water hammer’) will not occur during subsequent normal 
system start-up and operation (before exceeding 25% power)

• Determination of the dynamic response of the plant and the subsequent 
steady state of the plant for single and credible multiple trips of the 
reactor coolant pumps (PWRs) or the circulator and/or failure of the 
fl ow control valves of the reactor coolant system

• Trip of feedwater pump and restart of standby pump
• Test of the dynamic response of the plant for a simulated condition of 

loss of turbine generator coincident with loss of off-site power
• Test of the dynamic response of the plant to load rejections, including 

turbine trip
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• Test of the dynamic response of the plant for the case of automatic 
closure of all main steam line isolation valves (for PWRs the test may 
be made at a lower power level to demonstrate proper plant response 
to this transient)

• Test of the dynamic response of the plant to loss or bypassing of the 
feedwater heater(s) due to a credible single failure or operator error 
that results in the most severe case of a reduction in feedwater 
temperature

• Observations and measurements, as appropriate, to ensure that piping 
and component movements, vibrations and expansions are acceptable 
for safety systems (tests performed in low power testing need not be 
repeated)

• Performance of the auxiliary systems whose operable components have 
the minimum design capability for operation of the engineered safety 
features

• Tests of the load-carrying capabilities of systems, components and cables
• Performance of ventilation systems and air conditioning systems
• Test of shutdown from outside the control room and plant operation 

from the emergency control room according to the plant safety design.

All the tests are designed to demonstrate to the extent practicable that the 
plant operates in accordance with the design in steady-state conditions and 
load-follow operation, during and after anticipated operational occurrences, 
including reactor trips and load rejections initiated at appropriate power 
levels.

Often the power test phase ends with a Commercial Power Operation 
Acceptance Test lasting 2–4 weeks or even more on full power and/or load-
follow operation according to the contractual arrangements between the 
Operating Organization and the supplier. If successfully completed, the 
plant is handed over to the Operating Organization.

At the end of all commissioning tests it is recommended to carry out a 
fi nal review to confi rm whether the operational limits and conditions are 
adequate and practicable, and to identify any constraints on the operation 
of the plant that the commissioning tests have shown to be necessary.

22.6 Roles and responsibilities during commissioning

Organizational arrangements are necessary to achieve the safety objectives 
of commissioning and nuclear safety in general. They determine exactly the 
roles and responsibilities of all parties and functions involved in the com-
missioning, particularly the safety-relevant roles. Furthermore, they repre-
sent a convenient and practical working scheme which allows optimum use 
of available personnel, materials and methods, and which enables assur-
ances on safety to be obtained. The organizational arrangements have to 
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include all of the parties involved in the commissioning process, in particu-
lar the main players: the Operating Organization, the plant designer/sup-
plier, various support organizations and last, but not least, the Regulatory 
Body.

22.6.1 Operating Organization

Although responsibility for commissioning activities may be assigned to a 
contractor or the construction organization, the Operating Organization is 
fully responsible for the commissioning of its nuclear installation. In some 
cases responsibility may be transferred from one organization to another 
at the time of fuel loading or at some other appropriate hold point. However, 
whatever the arrangement, the organization or individual responsible for 
commissioning should be accountable to the organization or individual 
responsible for compliance with the licence for the following:

• Demonstrating that the plant behaves in accordance with the design 
intent

• Confi rmation that the plant has been tested within the design limits 
only

• Ensuring that safety requirements are observed while the commission-
ing process is being conducted.

To fulfi l these general requirements the responsibilities of the Operating 
Organization are supported by administrative measures:

• To control, review and coordinate the activities of the construction, 
commissioning and operating groups in an effective manner

• To ensure that the commissioning procedures are prepared, reviewed 
and approved by personnel with appropriate technical backgrounds and 
experience

• To arrange for the required submissions to the Regulatory Body at the 
approved stages and to comply with its requirements

• To establish procedures for ensuring the coordination of commissioning 
activities, account being taken of the views and experience of members 
of the construction, commissioning and operating groups as well as 
other participants such as those from the designers, the manufacturers 
and the consultants and quality assurance personnel

• To ensure the maintenance of adequate numbers of properly trained, 
experienced, qualifi ed and, where required, authorized personnel in the 
commissioning and operating groups

• To receive and disseminate the requirements of and information from 
the Regulatory Body.

Some Operating Organizations have installed a nuclear safety offi ce or 
senior advisory group to evaluate safety issues that is independent of the 
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plant/commissioning manager and that has direct access to the top manage-
ment of the licensee organization.

22.6.2 Supplier

In many cases the supplier takes the lead in designing the commissioning 
process, its tests and execution, although the Operating Organization holds 
overall responsibility for nuclear safety and operates the plant. In these 
cases the commissioning manager is usually employed by the supplier. Such 
kinds of arrangement need exact defi nition of the roles and responsibilities 
within the Commissioning Manual (see also Section 22.8.1). In particular, 
the arrangements have to ensure that there are clear information lines 
from the commissioning manager to the responsible management of the 
Operating Organization. Whatever the organizational arrangements for the 
commissioning of the nuclear power plant are, the Operating Organization 
has to review and to approve the commissioning programme and the related 
test procedures.

The supplier – particularly if the commissioning is part of his contractual 
obligations – supports the commissioning with his own commissioning 
group but, in any case, with specialist knowledge, expertise and relevant 
experience from plants already commissioned. Other obligations are the 
provision of all relevant information and baseline data, to assist in the 
analysis of discrepancies and unexpected events. If necessary and required 
by the test results, the supplier has to rectify design defi ciencies and to 
provide complete documentation of the modifi cation carried out, including 
requalifi cation of test results.

22.6.3 Support organizations

The responsibilities of other participants, such as designers, manufacturers 
and supporting technical organizations in the commissioning activities need 
to be specifi ed in the related contracts and in the Commissioning Manual.

22.6.4 Regulatory Body

All of the activities in the commissioning phase are subject to surveillance 
by the Regulatory Body, which is also responsible for granting authorization 
for the commissioning activities and operation. The Operating Organization 
will have to request such an authorization. A complete set of safety docu-
ments, typically including a fi nal safety analysis report, the technical speci-
fi cations for operation, the radiation protection manual, the emergency 
plan, and emergency and routine operating procedures, the quality assur-
ance programme for operation and the surveillance test programme are 
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requested from the Operating Organization to be reviewed by the 
Regulatory Body prior to the start of nuclear commissioning.

For the commissioning process itself the Regulatory Body reviews and 
approves the commissioning programme as required by national practice. 
Hold points are usually established in the commissioning programme in 
order to assess test results before regulatory authorization is given to 
proceed. Before authorizing the loading of nuclear fuel or initial criticality, 
the Regulatory Body has to complete as appropriate the review and assess-
ment of aspects such as the as-built design of the plant, the results of pre-
operational tests, and the adequacy of operating procedures and instructions, 
especially main administrative procedures, normal operating procedures 
and emergency operating procedures (EOPs). Another important aspect to 
be reviewed is the fulfi lment of staffi ng and qualifi cation requirements and 
confi rming that corresponding training is completed as required.

Prior to granting permission for acceptance of fuel on site, the measures 
for accounting fi ssile and radioactive materials and the fulfi lment of the 
applicable requirements in respect of safeguards must be completed and 
verifi ed by the Regulatory Body. In addition, all technical and administra-
tive procedures for the physical protection of the site need to be in place 
and accepted by the regulator. Before licensing and/or authorizing routine 
operation at full power, the Regulatory Body has to complete the review 
and assessment of the results of commissioning tests and their analysis, in 
addition to other aspects that need to be reviewed in this regard.

22.7 Commissioning organization and management

The principal activities performed in commissioning can be divided into 
three categories:

 1. Those associated with the fi nal stage of construction and installation of 
the plant

 2. Those specifi c to commissioning, including safety reviews
 3. Those associated with the operation of the plant.

Accordingly, personnel performing the above activities belong to the fol-
lowing groups:

• Construction group
• Commissioning group
• Operating group.

In addition, there are other representatives participating in commissioning 
activities, such as representatives of the designers, the construction group, 
the component manufacturers and the Regulatory Body. These representa-
tives collaborate with the aforementioned groups as appropriate. In 
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particular, the designers and manufacturers provide adequate and complete 
information to the groups. It is good practice, sometimes requested by the 
Regulatory Body, that the design engineers are involved in the review of 
commissioning data to confi rm that the performance meets the design 
intent.

There are various ways in which the construction, commissioning and 
operating groups could be formed by different organizations. This may 
depend on the industrial practice and experience of nuclear power in the 
State or country, on the supplier and the Operating Organization, on con-
tractual arrangements, as well as on the physical size and design of the plant. 
The composition of the groups may also be infl uenced by the availability 
and experience of personnel performing specialized functions. In most cases 
the Operating Organization takes over the responsibility for nuclear safety 
and plant operation during commissioning, usually from core loading or 
fi rst fuel on site.

In some cases, the Operating Organization decides to contract the com-
missioning activities to another organization, e.g. the supplier, as is the rule 
in turnkey contracts. However, in these cases it also has to be made clear 
that the ultimate responsibility for safety cannot be delegated and remains 
with the Operating Organization. Generally, the construction group is 
responsible for ensuring that the installation has been completed in accor-
dance with specifi cations. The commissioning group has to ensure that 
structures, systems and components are tested to provide assurance that the 
plant has been properly designed and constructed and is ready for safe 
operation. The operating group has to operate systems and plant in accor-
dance with the assumptions and intent of the commissioning programme, 
and last but not least in accordance with the safety requirements, in particu-
lar the Limits and Conditions for Safe Operation (LCOs).

Since construction, commissioning and operating activities overlap, in the 
arrangements made in respect of utilization of personnel among the con-
struction, commissioning and operating groups, it is essential that responsi-
bilities remain clear at all times. It is highly recommended that working 
arrangements, as far as practicable, make use of the operating personnel so 
that they become familiar with the plant and the facilities during commis-
sioning. As a consequence, the operating group has to take all necessary 
actions to have suitable trained operating staff members ready from the 
beginning of the commissioning activities in order to ensure that as many 
operating personnel as possible gain fi eld experience and to establish an 
‘institutional memory’ of the plant. The human resource development plan 
and the training programme, in particular for the engineering resources, the 
operators and the maintenance personnel, have to consider this essential 
requirement (see also Section 22.10).
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22.7.1 Organization of the commissioning group

The commissioning group and the special arrangements made to ensure 
proper coordination of commissioning activities need to be established 
early enough to allow all these activities to be identifi ed and adequate 
preparations to be made. As mentioned previously, all organizational 
arrangements, processes and procedures relevant for the commissioning 
phase are part of and are described in a Commissioning Manual. The 
Commissioning Manual – explained in more detail in Section 22.8.1 – needs 
to be integrated and well synchronized with the overall plant management 
system of the Operating Organization, as well as with other systems such 
as the supplier’s management system, to prevent confl icting rules and 
regulations.

The commissioning group is headed by a commissioning manager who 
has had sound experience with NPPs. Depending on organizational and 
contractual arrangements, the commissioning manager usually belongs to 
the plant operator’s or to the supplier’s organization. Whatever the arrange-
ment, the commissioning manager needs to be appointed well in advance 
of the actual commissioning work so as to be able to make the necessary 
arrangements for scheduling and organizing work units, work plans and 
other resources.

Specifi c test teams are in charge of performing commissioning tests. The 
number and composition of these teams depends on matters such as:

• The number and complexity of the systems to be tested
• The workload
• The skills necessary to perform the tests
• The staff available from either the supplier or the Operating Organization.

Each test team is usually led by a test team leader with appropriate experi-
ence in the operation or commissioning of NPPs.

A planning and scheduling unit is necessary in the commissioning group 
to develop commissioning schedules, to monitor and to report on the prog-
ress of commissioning in all its aspects, including the issuing of commission-
ing reports. The responsibilities of the commissioning group include the 
following:

• To plan in advance the commissioning programme with detailed test 
sequences, time schedules and staffi ng requirements

• To update the commissioning programme in the light of experience in 
commissioning and as a result of design modifi cations

• To establish a procedure for the preparation, review and approval of 
test procedures and other procedures
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• To ensure that operational fl ow sheets, operating and maintenance 
instructions, commissioning procedures, formats for commissioning 
reports and test reports, plant handover documents and submissions to 
the Regulatory Body are available

• To establish a procedure for the systematic recording of plant data for 
future use

• To establish a procedure for ensuring that incidents in commissioning 
are analysed so that the experience gained can be fed back to the design-
ers or the operating group

• To verify that the installation of structures, systems and components 
has been satisfactorily completed and codifi ed for proper 
identifi cation

• To ensure that the prerequisites for the commissioning programme have 
been satisfi ed and that pre-operational tests such as functional checks, 
logic checks, interlock checks and system integrity checks have been 
completed

• To ensure that the commissioning procedures comply with the appropri-
ate rules and regulations for safety (including radiological protection 
and nuclear safety)

• To ensure that the systems are commissioned safely and to confi rm that 
the written operating procedures are adequate

• To implement all the tests in the commissioning programme, including 
repeat testing of the systems that have been commissioned initially as 
partially installed

• To make suitable arrangements for testing and maintaining systems 
(particularly safety-related items) for which responsibility has been 
accepted

• To direct the operation of systems in the commissioning programme 
and to update operational fl ow sheets and operating and maintenance 
instructions, as well as procedures based on experience in 
commissioning

• To establish procedures for analysing the results of tests and for produc-
ing test reports and test certifi cates

• To issue commissioning reports on tests
• To ensure that a procedure is in place to control the calibration of test 

and measurement equipment
• To establish a procedure to ensure that all participants in the commis-

sioning process are suitably qualifi ed and experienced
• To ensure the confi guration management, maintaining consistency 

between ‘as built’ drawings and procedures and physical confi guration 
and design requirements

• To ensure that design changes are requested, reviewed and implemented 
when design criteria are not met or when they fall short
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• To establish a procedure for controlling temporary changes to plant and 
equipment

• To issue test certifi cates and stage completion certifi cates or their 
equivalent

• To provide up-to-date baseline information to the operating group and 
the Operating Organization

• To report to the Operating Organization any defi ciency detected in 
commissioning tests in order that corrective action can be taken

• To maintain a record of limiting conditions in commissioning
• To ensure that plant performance is in accordance with the design 

intent, including all aspects of radiological protection and safety
• To certify that the commissioning programme has been satisfactorily 

completed
• To establish and implement procedures that ensure the orderly transfer 

of responsibilities for structures, systems and components from the con-
struction group to the commissioning group, and from the commission-
ing group to the operating group, using a system of documents such as 
transfer certifi cates

• To ensure that an opportunity is provided for operating personnel to 
gain plant experience, typically by utilizing the appropriate personnel, 
as necessary, for commissioning activities.

22.7.2 Organization of the operation group

The Operating Organization, as the organization authorized by the 
Regulatory Body to operate the plant, acts as the overall controlling and 
coordinating authority for overseeing the safe and satisfactory completion 
of all commissioning work. When commissioning activities are conducted 
under the responsibility of the contractors, the Operating Organization has 
to implement necessary arrangements to review and approve these activi-
ties at all stages. In a more practical sense, the operating group, as a part of 
the Operating Organization, is usually one of the key players in the com-
missioning process. The operating group is usually composed of staff from 
the plant operation department. Shift personnel form the main body of the 
operating group. The operating group operates the plant from the main 
control room (MCR) with the control room shift supervisor and related 
desk operators, and in the fi eld with the fi eld operators.

The responsibilities of the operating group within the commissioning 
process are as follows:

• To carry out operation and maintenance with competent staff to meet 
the needs of the commissioning programme

• To participate in the commissioning activities
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• To take responsibility for the systems completely commissioned and 
transferred to the operating group

• To satisfy the Operating Organization that the systems that are trans-
ferred comply with specifi ed performance requirements, the design 
intent and safety requirements

• To become competent in the methods of operation of the plant
• To verify the operation procedures in terms of correctness and 

practicability.

The Operating Organization has to take all necessary actions to enable 
the operating personnel to fully participate in commissioning activities at 
the plant at all levels, thus providing the operating staff with an opportunity 
to become familiar with and gain experience of the plant. This approach to 
training and preparation of the operating staff during commissioning will 
contribute towards the assurance of safety during the initial operation of 
the plant.

Procedures for operating and periodic testing should be used as far as 
the conditions of the plant will allow in the commissioning phase so as to 
validate them prior to initial loading of the core. Personnel should also 
adhere to normal operating rules as far as applicable, such as those relating 
to access to the control room, control of information, control cabinets and 
switchboards, communications with the control room about abnormalities 
and changes in plant confi guration. The need for adherence to normal 
operating rules should be re-emphasized to personnel after the core has 
been loaded.

22.7.3 Interfaces between participants in the 
commissioning process

Many activities are performed in parallel with the commissioning of the 
plant, such as those relating to construction, operation and maintenance. 
The interfaces between these activities have to be adequately managed to 
ensure the protection and safety of the plant and personnel and to ensure 
that the commissioning programme is not impaired. Appropriate work 
control processes have to ensure the proper coordination of all group activi-
ties involved in commissioning and to cover the major work activities, 
including post-work testing. This process also provides for the proper chan-
nelling of the work to the person responsible for the system and for ensur-
ing notifi cation and awareness in the control room of all the work activities 
that are in progress.

Interface between construction activities and commissioning activities

Clear and well-understood lines of authorization and communication 
between construction and commissioning activities must be established and 
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documented so as to manage a rigorous work prioritization policy. Clear 
lines of communication support the commissioning schedule and the agree-
ments on the scope of activities in both organizations, in particular at the 
interfaces.

Since the construction organization has responsibility for certain activi-
ties during the commissioning programme, the different roles and respon-
sibilities should be defi ned well in advance of the commencement of this 
programme in order to prevent misunderstandings. Particular areas of con-
sideration for the interface are procedures for transferring structures, 
systems and components from construction to commissioning. Special pre-
cautions are also necessary for the commissioning of partly installed systems.

Interface between commissioning activities and operating activities

As with the interface between the construction and the commissioning 
groups, the interface between the commissioning and the operating groups 
needs detailed rules and regulations. The following particular aspects are 
of relevance:

• Procedures for transferring structures, systems and components for 
operation

• Methods of identifying the special technical, operational or staffi ng 
restrictions necessary as a result of partial completion of a construction 
or commissioning activity

• Changes in responsibility for safety including the nomination of respon-
sible persons

• Modifi cations to the plant and to the procedures
• Availability of as-built drawings, instructions and procedures for operat-

ing and maintaining the systems and the plant
• Control of temporary procedures and equipment available during com-

missioning but not appropriate for normal operation, for example, 
special start-up instrumentation or duplicate safety keys and authoriza-
tion for the use of jumpers and lifted leads

• Provision of suffi cient opportunity for the operating personnel to 
become both trained in and familiar with the operating and mainte-
nance techniques for the plant.

Surveillance and maintenance during commissioning

From construction to commissioning and fi nally to operation, the plant must 
be adequately monitored and maintained. It should be subject to the 
required periodic tests and inspections in order to protect equipment, to 
support the testing phase and to continue to comply with the safety analysis 
report. Historical records of operation and maintenance are kept from 
the time of initial energization and operation of each plant system, and 
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transferred with the documentation package to the Operating Organization 
(see Section 22.13).

The organization for surveillance and maintenance during commission-
ing, and related roles and responsibilities, must be adequately described and 
documented so as to be clear to all the parties involved. In particular, the 
scope of the responsibilities of the construction and operating groups in 
relation to surveillance and maintenance during commissioning needs to be 
clearly identifi ed. The organization established for maintenance during 
commissioning has to ensure that the maintenance group of the Operating 
Organization becomes actively involved at all levels in the organization for 
maintenance during commissioning. The participation of personnel from 
the instrumentation and control section in particular should be encouraged. 
Recommendations and guidance on maintenance activities can be found in 
the IAEA Safety Guide NS-G-2.6 (IAEA, 2002).

22.7.4 Transfer of the plant from the supplier to the 
operating organization

Plant handover is the transfer of responsibilities for the plant. This includes 
structures, systems and components, items of equipment and documenta-
tion, and may include personnel. There are various concepts and related 
contractual arrangements for plant handover. Two models are mainly used 
for this purpose.

 1. With turnkey contracts the complete plant is handed over to the 
Operating Organization after the successful completion of all commis-
sioning tests, including the Commercial Power Operation Acceptance 
Test. From a contractual and organizational point of view this is the most 
transparent and easy to handle solution. In some cases, a step-by-step 
handover approach is selected even in turnkey contracts; here the 
handover procedures and the graded transfer of responsibilities are 
more complicated and require very detailed arrangements.

 2. Often, alternatives to turnkey contracts have been selected by the 
Operating Organization and plant handover starts with the commission-
ing activities or at the latest stage with nuclear commissioning. As with 
the graded approach in turnkey contracts, the arrangements related to 
the handover, and even more those related to the responsibilities of the 
various partners, require very detailed study and defi nition.

The most important transfer of responsibility is the transfer of responsi-
bility for nuclear safety. Special care should be taken to ensure that respon-
sibilities for personnel, plant and safety are clearly defi ned and rest with 
the appropriate organization. It is the Operating Organization’s responsibil-
ity to ensure that an appropriate procedure for the handover of the plant 
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is in place, describing detailed steps in the handover process, including 
responsibilities and authorities of the parties involved. However, it is high-
lighted here again that it is best practice and in accordance with interna-
tional nuclear standards that from the time of the arrival of nuclear fuel at 
the site, responsibility for safety rests with the Operating Organization.

The transfer of documentation is another key aspect within the plant 
handover process and needs special attention. More details are provided in 
Section 22.13.

22.8 Commissioning procedures

A commissioning programme has to identify and describe all the tests and 
related activities necessary to demonstrate that the plant has been properly 
designed and constructed and can be operated safely. The commissioning 
programme should be written in such a form as to enable the objectives 
and methods of testing to be readily understood by all concerned and to 
allow control and coordination by management. For multi-unit plants a 
separate programme is produced for each unit. It is good practice to collect 
all relevant administrative and technical procedures related to the commis-
sioning programme in a comprehensive document such as a Commissioning 
Manual.

22.8.1 Commissioning Manual

In order to ensure an effective and safe execution of the commissioning 
process, activities and measures have to be carefully defi ned and established 
in written procedures. A clear defi nition of tasks, responsibilities and inter-
faces between the entities involved in the commissioning activities is also 
required. All these procedures constitute the Commissioning Manual, which 
should defi ne the following:

• The role and the responsibilities of every entity involved in the commis-
sioning activities

• The tests and the applicable processes and workfl ows including their 
interfaces for the performance of commissioning

• The technical conditions for the performance of commissioning 
activities

• The structure of the technical documentation to be used to fulfi l the 
commissioning activities, including reporting requirements.

The Commissioning Manual usually consists of an organizational part and 
a technical part. Typical topics within the organizational part are:

• Commissioning organization
• Commissioning system transfer process
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• Commissioning tests performance
• Handling of modifi cations and deviations
• Commissioning documentation management
• Quality and environment
• Health and safety during commissioning.

The technical part of the Commissioning Manual is constituted by a set of 
commissioning programmes, instructions and worksheets, for example:

• A general commissioning programme describing the different phases of 
commissioning activities

• A phase-oriented commissioning programme for the whole plant related 
to a particular commissioning phase, listing all the activities (including 
operating ones) to be performed for the whole plant during this com-
missioning phase, and also including the prior conditions for the starting 
of the overall commissioning phase concerned, as well as all waivers 
required with respect to the LCOs for performance of some tests after 
fuel loading

• A system-oriented commissioning programme related to a system (or 
group of systems)

• All the tests that are necessary for proving the safety and the perfor-
mance of the plant and the logical sequence of those tests

• Test procedures for each of the specifi ed tests. More details about test 
procedures are provided in Section 22.9.

Whatever the organizational arrangements for commissioning of an NPP, 
the Operating Organization has to review and approve the Commissioning 
Manual; furthermore, it is common practice that the commissioning pro-
gramme is also submitted to the Regulatory Body for review and approval.

22.8.2 Commissioning programme

Commissioning is essential to the subsequent safe operation of the plant 
and therefore needs to be carefully planned and executed. The commission-
ing covers all the activities to be performed on structures, systems and 
components to bring them to an operating mode. Commissioning is part of 
the process of verifi cation that the provisions of the design basis are met 
and that the assumptions made in the safety analysis report are justifi ed.

To fulfi l these demands, an appropriate and detailed commissioning pro-
gramme has to be designed. It includes tests of different types, and distinc-
tions should be made between:

• Tests that aim at the verifi cation of each functional system, including its 
overall performance

• Tests on new types of equipment
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• Tests performed on the prototype plant for a series in order to test the 
validity of a new concept; subsequent tests on the plants in the series 
would then just test for conformity

• Tests aimed at acquiring data to validate the code used for the design 
and to confi rm the validity of the limiting safety system settings

• Tests to validate operating procedures.

The programme is divided into stages whose number and size will depend 
upon safety requirements and technical and administrative requirements 
(see Section 22.3). The programme shows the planned duration of the activi-
ties and their interrelationships, and includes activities that may be neces-
sary in order to provide opportunities for the operating personnel to gain 
familiarity with the operation of the plant.

The commissioning programme is structured so as to ensure that the fol-
lowing objectives are met:

• All the tests necessary to demonstrate that the installed plant meets the 
design intent stated in the safety analysis report are performed.

• The tests are performed in a systematic sequence – in particular, tests 
should be arranged to be progressive, so that the plant is exposed to less 
onerous conditions before more onerous ones.

• The programme provides means of identifying hold points in the com-
missioning process.

• Operating personnel are trained and procedures are validated.

The programme also includes:

• The situations at which reviews and hold points are required
• Any applicable requirements of the Regulatory Body, including the 

witnessing of specifi ed tests
• The title of each test together with a unique identifi cation
• Cross-references to other documents relevant to commissioning
• Provision for data collection for further use.

During commissioning, normal operating procedures, including those for 
operational periodic tests, are used as far as possible to validate the appli-
cability of these procedures. The EOPs, which are not used in routine com-
missioning operations, should also be validated in the commissioning 
programme, as far as possible.

Testing, as the core of the commissioning programme, needs to be suffi -
ciently comprehensive to establish that the plant can operate in all modes 
for which it has been designed to operate. However, tests should never be 
conducted, and operating modes or plant confi gurations should not be 
established, if they have not been analysed, if they fall outside the range of 
assumptions made in analysing postulated accidents in the safety analysis 
report, or if they might damage the plant or jeopardize safety.
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For identical units in a multi-unit NPP and/or for a series of identical 
plants, it is common practice to omit selected tests that have already been 
performed for the units tested previously. The Operating Organization has 
to ensure that such an action does not jeopardize safety and that it is taken 
only with the prior approval of the Regulatory Body.

Special provision has to be made to ensure that the safety of another 
nuclear unit or other facilities close by and already in operation is not 
jeopardized in the commissioning tests. Such provisions include conducting 
a hazard assessment and obtaining the prior approval of the Regulatory 
Body and specifi c written approval from the manager responsible for the 
operating unit. Close liaison between the Regulatory Body and the 
Operating Organization throughout the development and implementation 
of the whole commissioning programme is recommended so as not to delay 
the commissioning process.

22.9 Test procedures

All commissioning tests are based on authorized written procedures. The 
preparation of test procedures, including their verifi cation and approval, is 
carried out according to administrative procedures defi ned in the 
Commissioning Manual. The level of review depends on the importance to 
the safety of the system and the nature of the test.

The specifi c procedures are specifi ed in the commissioning programme 
and are usually part of the Commissioning Manual. They describe the prin-
ciples, objectives and nature of the tests. They include also the criteria for 
judging the validity of the results and the acceptance criteria. The proce-
dures for systems that are important for safety contain checks that all 
performance levels and operating parameters have been demonstrated for 
all the operating confi gurations (normal, transient and accident conditions). 
Any test procedure defi nes in detail how each item of equipment, system 
or component will be commissioned, and therefore test procedures thus 
form the core of the commissioning process. Competent personnel and 
adequate controls are therefore necessary to ensure that the test procedures 
are of a high standard. Designers and other specialists are usually involved 
in formulating tests.

All procedures are subject to a thorough verifi cation and approval 
process in which the regulatory authorities and the Operating Organization 
participate. No test procedures should be used if not verifi ed and approved 
as required. The designers – even if not in charge of developing the test 
procedures – also have to participate in the approval process, in particular 
in reviewing the validity of the acceptance criteria.

The test procedures should follow normal plant operating procedures to 
the extent practicable, in order to verify them. If necessary, the normal 
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operating procedures can be amended for use during commissioning. This 
helps the operating personnel to become familiar with them.

The procedures include any necessary deviations from the design or 
normal operating confi gurations, although consideration should be given to 
minimizing the use of such arrangements. The descriptions are suffi ciently 
detailed to ensure that such deviations are made correctly before the start 
of the tests and to ensure that the systems and components are restored to 
their normal status once the testing has been completed. For this purpose, 
special arrangements such as temporary interlock bypasses, temporary 
additional interlocks, temporary system bypasses, valve confi gurations and 
instrument settings are identifi ed, and the points in the test procedure and/
or commissioning programme for terminating these temporary arrange-
ments are specifi ed.

Test procedures typically include the following:

• Identifi cation coding and cross-references
• Introduction
• Test objectives and methods
• Limiting criteria, in particular applicable limits and conditions for 

operation
• Prerequisites and initial conditions
• Test conditions and procedures
• Acceptance criteria
• List of required tools, test equipment and instrumentation
• Staffi ng, responsibilities and qualifi cation requirements
• Special precautions
• Completion criteria for the test
• Records, data collection and processing.

22.10 Qualifi cation requirements for commissioning 

personnel and other human factors

22.10.1 Typical functions and related qualifi cation 
requirements

Personnel engaged in commissioning activities must be suitably qualifi ed 
and experienced for the level of responsibility and importance to safety of 
their work. The necessary level of qualifi cation and experience needs to be 
specifi ed for each position in the commissioning organization. In principle, 
from the start of nuclear commissioning, the qualifi cation requirements 
should not deviate from those required for the operation of NPPs. Therefore 
guidelines and regulatory requirements in the fi eld of training and qualifi ca-
tion of NPP personnel are widely applicable to the commissioning 

�� �� �� �� ��



768 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

personnel with roles and responsibilities comparable to those for normal 
plant operation. So, for example, commissioning managers should have 
comparable qualifi cations and experience to plant managers. More infor-
mation about training and qualifi cation of NPP personnel can be found in 
the IAEA requirements document NS-R-2 (IAEA, 2000) and in the techni-
cal document TRS-380 (IAEA, 1996).

The training programme for commissioning personnel, in particular the 
commissioning engineers and test group leaders, should cover some specifi c 
aspects relevant to commissioning:

• Methods of and techniques for commissioning
• The conducting of tests and maintaining the plant in safe conditions
• Interfaces of construction, design and operation with commissioning
• Procedural changes and design changes
• Permanent and temporary modifi cations.

First-line managers from suppliers and main contractors involved in com-
missioning activities often participate in the training programme as appro-
priate because of their close interaction during this phase.

During the training and day-to-day activities, a safety culture and concern 
for quality have to be established at all levels among the personnel involved 
from the early stages of commissioning (see Section 22.11). The importance 
of the work of those personnel performing commissioning activities, with 
respect to achieving quality objectives and safety objectives, should be 
highlighted in the training programme.

If any major incidents occur during commissioning, a root cause analysis 
should be carried out and any necessary improvements in training should 
be identifi ed. Experience gained in commissioning has to be appropriately 
incorporated into the training material. The IAEA has provided guidance 
in this regard in technical document TECDOC-1600 (IAEA, 2008).

22.10.2 Value of commissioning experience

Another aspect related to training, in particular the training of operation 
and maintenance personnel belonging to the Operating Organization, is the 
value of commissioning experience. No other period in the lifetime of an 
NPP is more intense and effective for personnel training of the Operating 
Organization. Therefore all necessary actions should be taken by the 
Operating Organization to ensure that the operating personnel and engi-
neering and maintenance staff have completed most if not all basic training 
prior to the start of commissioning activities to enable them to participate 
fully in the commissioning. In addition, provision should be made for train-
ing personnel, for example simulators or maintenance instructors, to par-
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ticipate in the commissioning process in certain aspects of the plant, mainly 
those related to design, methods of working and operation.

22.11 Safety management and development of 

a safety culture

Worldwide operating experience shows that with the commissioning an 
operational and safety culture develops. Behaviours, in particular misbe-
haviours, developed during commissioning and the early operational phase 
will last for long periods, often throughout the whole lifetime of the plant, 
and if corrections are needed it is rather diffi cult to make these changes in 
a later phase. As a consequence, one of the basic functions of the Operating 
Organization in this period is to promote and foster the development of a 
safety and operational culture at the plant and to ensure that attributes such 
as personal dedication, safety consciousness, conservative decision making 
and a questioning attitude become habitual in the subsequent operational 
stage.

Specifi c consideration should therefore be given to the arrangements 
used by the organizations participating in the commissioning process for 
the management of safety in order to enhance safety culture and achieve 
good safety performance. Safety management should be embedded in the 
Integrated Management System (IMS) of the Operating Organization and 
practised in all of the commissioning activities.

22.12 Recording and analysis of tests

All testing results need a thorough review. The purpose of the review is to 
provide assurances that the testing performed demonstrates that the per-
formance of the systems tested is in accordance with the design intent and 
that any operating constraints have been identifi ed. It should ensure that 
all necessary data have been obtained and analysed, and that the technical 
evaluation and test report have been completed. The review also provides 
assurances that the succeeding stages can be conducted safely and that the 
safety of the plant is never dependent on the performance of untested 
structures, systems or components. The evaluation of the test results requires 
a comparison with the acceptance criteria and should be independently 
carried out by the commissioning group, the designer and the regulator. The 
objective is to clarify whether the design intent has been met. Personnel 
assigned to carry out reviews must have adequate experience in their indi-
vidual specializations – the main reason why the involvement of design 
engineers is highly recommended. Technical support organizations or con-
sultants may be used for dealing with particular problems.
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At the end of a stage, the results of the tests in that stage and the general 
condition of the plant are reviewed by the representatives of the commis-
sioning group and the Operating Organization prior to approval being 
granted to begin the next stage. Depending on national regulatory practices, 
the Regulatory Body may be involved in the review and approval of the 
results of a specifi c stage. Progress to the next stage will be permitted by 
the Operating Organization when the completed review of the current stage 
has been approved by the Operating Organization in accordance with the 
requirements of the Regulatory Body.

22.13 Documentation

The whole commissioning process needs to be well documented. Documents 
are prepared and issued during the progress of the commissioning activities 
in order to certify the performance of the tests and to provide the required 
authorizations for the continuation of the programme, in accordance with 
the procedures established by the Operating Organization. Typical docu-
mentations in commissioning are test certifi cates and stage completion 
certifi cates. With the test certifi cate the result of an individual test is docu-
mented and the fact that the test has been completed in accordance with 
the success criteria; alternatively, any reservations or departures from the 
expected results are recorded. In addition, stage completion certifi cates are 
produced to record that all the tests for a particular stage have been suc-
cessfully completed. All test reports and test certifi cates for the stage have 
to be completed for further review.

In particular, when the commissioning process works well, the prepara-
tion and approval of test documentation is a challenging activity if the 
commissioning programme is to proceed in an orderly and timely manner. 
Suitable preparations have to be made so that the stage completion and 
approval documents can be produced expeditiously. To this end, reviews of 
test results need to be undertaken and test results need to be accepted at 
suitable times during the progress of testing within each stage. The end of 
each stage should include preparations for the start of the succeeding stage 
and a means should be arranged for the continual updating of documenta-
tion. In addition, close liaison should be maintained with all participants in 
the commissioning programme, including personnel at the headquarters of 
the Operating Organization and personnel of the Regulatory Body.

Parallel to the commissioning and the related documentation activities, 
the plant documentation required as part of the plant handover process is 
also prepared. The plant documentation is usually transferred in system 
packages and over a reasonable period of time in order to allow the plant 
personnel to review each package comprehensively. This review often forms 
part of the operating group’s activities during the commissioning process.

�� �� �� �� ��



 Commissioning of nuclear power plants (NPPs)  771

© Woodhead Publishing Limited, 2012

The following documentation is typical for a system acceptance package:

• General correspondence and system records
• Results of load tests and pressure tests, fl ushing records and cleaning 

records
• Acceptance packages from the construction, including non-destructive 

testing (NDT) and other welding inspection records
• As-built diagrams, electrical diagrams, instrumentation and control dia-

grams, and fl ow diagrams
• Documentation of pre-nuclear test procedures and report data sheets
• Failure reports and incident reports
• Documentation on temporary modifi cations, lifted leads and jumpers, 

and software modifi cations
• Equipment isolation records and work permit records
• Records of preventive and corrective maintenance
• Surveillance records
• Records of fi eld changes and design changes
• Pending item lists including defects, omissions and weaknesses carried 

forward from the previous handover
• Suppliers’ and manufacturers’ manuals.

In performing the handover review, plant walk-downs should be carried out 
by representatives of the organizations involved in the handover process. 
Such walk-downs can be combined with the walk-downs required by the 
commissioning procedures.

22.13.1 Reporting

Comprehensive reports about the test results, in addition to the detailed 
test documentation, are common practice for NPP commissioning. Stage 
test reports and a fi nal station commissioning report are prepared to satisfy 
the information needs of individual stakeholders, for example the Regulatory 
Body and the top management of the Operating Organization and the 
supplier.

22.14 International experience

More than 400 nuclear installations have been commissioned to date world-
wide. In most cases the commissioning went smoothly without major prob-
lems, particularly when the commissioning was well prepared by the 
Operating Organization, the supplier and others involved. In some cases 
the process was delayed due to technical problems related to the plant 
design or due to quality problems with components. Such cases cannot be 
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attributed to the commissioning process itself, but to the design and con-
struction phase of the project.

In some other cases the commissioning was delayed due to non-availabil-
ity of the required staff, either from the supplier or from the Operating 
Organization. In these cases the Operating Organization has to bear the 
prime responsibility for the delays or the poor performance of the plant 
commissioning.

Good communication and cooperation with regulatory bodies and the 
main contributors, such as the suppliers and manufacturers, prior to and 
during commissioning is recognized as one of the key success factors for an 
effective commissioning process and, as a consequence, should be carefully 
developed and maintained by the Operating Organization.

Operating Organizations dealing with the commissioning of a NPP for 
the fi rst time are advised to collect previous experiences from other opera-
tors or to seek support from experienced consultants well in advance of the 
start of commissioning activities. Information exchange visits and, if possi-
ble, participation at other sites during their commissioning phase are power-
ful means of gaining experience, even if the plant concerned is not a 
reference plant. Institutions like WANO (the World Association of Nuclear 
Operators) and IAEA and the plant supplier may help to establish the 
necessary contacts and agreements, and can also provide further sources of 
information.
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23
Operational safety of nuclear power plants

M. LIPÁR, International Atomic Energy Agency 
(IAEA), Austria

Abstract: This chapter describes the IAEA safety requirements for 
operation of nuclear power plants. It deals with the management and 
organizational structure of the operating organization and the 
management of operational safety, as well as the related requirements 
for safety programmes, plant operation, and maintenance, testing, 
surveillance and inspection. In addition, more detailed expectations for 
different operational areas are described, such as sound policies, 
procedures, processes and practices, training, technical support, operating 
experience, chemistry, radiation protection, fi re protection and 
emergency planning and preparedness, the capability and reliability of 
the operating personnel, comprehensive instructions and adequate 
resources. Finally, the IAEA Operational Safety Review Team (OSART) 
is briefl y described.

Key words: operational safety, operating organization, operational limits 
and conditions, operating procedures, training, maintenance.

23.1 Introduction

Operational safety is one of the most challenging areas in nuclear safety. In 
addition to having to consider sound engineering and technology principles, 
it is necessary to take into account the human and organizational factors 
that can either contribute to, or detract from, safety. There is extensive 
IAEA documentation on operational safety, including safety fundamentals, 
safety requirements and supporting safety guides, and guidelines for related 
safety services, in particular for the Operational Safety Review Team 
(OSART), which has been one of the most often requested safety services 
of the Agency over the years.

This chapter is the copyright of the International Atomic Energy Agency (IAEA) 
and is reproduced by the Publisher with the IAEA’s permission. Any further use or 
reproduction of the chapter, in whole or in part, requires the permission of the 
IAEA. The chapter has been written by a staff member of the IAEA in his/her 
personal capacity and not on behalf of the IAEA or the Director General of the 
IAEA. The views expressed in the chapter are not necessarily those of the IAEA 
and that the IAEA disclaims all liability in connection with the chapter and any use 
made thereof.
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At the time of writing (31 January 2011) there are 442 nuclear power 
reactors in operation worldwide with a total net installed capacity of 
374.973 GW(e) (Fig. 23.1), and 65 nuclear power reactors are under con-
struction (Fig. 23.2).

Section 23.2 of this chapter presents a summary of the safety require-
ments for operational safety of nuclear power plants. Sections 23.3–23.11 
provide a summary of the expectations for performance in several impor-
tant areas of operational safety. Section 23.12 provides information about 
the Operational Safety Review Team (OSART), Section 23.13 provides 
sources of additional information, and fi nally Section 23.14 contains 
references.

23.2 International Atomic Energy Agency (IAEA) 

requirements for nuclear power plant (NPP) 

operation

The International Atomic Energy Agency (IAEA), in its Safety Standards 
Series publications, has developed requirements for the safe operation of 
nuclear power plants (IAEA, 2011a). Such requirements cover operation, 
commissioning and preparation for decommissioning. The last two are con-
sidered in other chapters of this book; those for operation follow.

23.2.1 The management and organizational structures 
of the operating organization

Principle 1 of the IAEA Fundamental Safety Principles (IAEA, 2006a) 
establishes that the plant licensee is responsible for the safety of the plant 
and that such responsibility cannot be delegated. Requirement 1 of the 
operating requirements (IAEA, 2011a) declares that the operating organi-
zation shall have the prime responsibility for safety in the operation of a 
nuclear power plant. The operating organization shall discharge this respon-
sibility in accordance with its management system.

Principle 3 of the IAEA Fundamental Safety Principles (IAEA, 2006a) 
establishes that effective leadership and management for safety must be 
established and sustained in organizations concerned with, and facilities and 
activities that give rise to, radiation risks. Requirement 2 of the operating 
requirements (IAEA, 2011a) declares that the operating organization shall 
establish, implement, assess and continually improve an integrated manage-
ment system. The management system shall integrate all the elements of 
management so that processes and activities that may affect safety are 
established and conducted coherently with other requirements, including 
requirements in respect of leadership, protection of health, human perform-
ance, protection of the environment, security and quality.
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23.2 Number of reactors under construction worldwide.

Requirement 3 of the operating requirements (IAEA, 2011a) declares 
that the structure of the operating organization and the function, roles and 
responsibilities of its personnel shall be established and documented. 
Functional responsibilities, lines of authority, and lines of internal and exter-
nal communication for the safe operation of a plant in all operational states 
and in accident conditions shall be clearly specifi ed in writing.

In addition, requirement 4 of the operating requirements (IAEA, 2011a) 
declares that the operating organization shall be staffed with competent 
managers and suffi cient qualifi ed personnel for the safe operation of the 
plant. The operating organization shall be responsible for ensuring that the 
necessary knowledge, skills, attitudes and safety expertise are sustained at 
the plant, and that long-term objectives for human resources policy are 
developed and met.

23.2.2 Management of operational safety

Requirement 5 of the operating requirements (IAEA, 2011a) declares that 
the operating organization shall establish and implement operational poli-
cies that give safety the highest priority. The safety policy shall stipulate 
clearly the leadership role of the highest level of management in safety 
matters and shall give safety the utmost priority, overriding the demands of 
production or project schedules. This policy shall promote a strong safety 
culture including a questioning attitude and a commitment to excellent 
performance in all activities important to safety.

Requirement 6 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall ensure that the plant is operated in 
accordance with the set of operational limits and conditions. They shall 
refl ect the provisions made in the fi nal design as described in the safety 
analysis report. The plant shall be operated within operational limits and 
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conditions to prevent situations arising that could lead to anticipated opera-
tional occurrences or accident conditions.

Requirement 7 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall ensure that all activities that may 
affect safety are performed by suitably qualifi ed and competent persons. 
The operating organization shall clearly defi ne the requirements for quali-
fi cation and competence. Suitably qualifi ed personnel shall be selected and 
shall be given the necessary training and instruction to enable them to 
perform their duties correctly for different operational states. Certain oper-
ating positions may require formal authorization or a licence.

Principle 5 of the IAEA Fundamental Safety Principles (IAEA, 2006a) 
establishes that protection must be optimized to provide the highest level 
of safety that can reasonably be achieved. Requirement 8 of the operating 
requirements (IAEA, 2011a) declares that the operating organization shall 
ensure that safety-related activities are adequately analysed and controlled 
to ensure that the risks associated with harmful effects of ionizing radiation 
are kept as low as reasonably achievable. All routine and non-routine 
operational activities shall be assessed for the potential risks associated with 
harmful effects of ionizing radiation.

Requirement 9 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish a system for continuous 
monitoring and periodic review of the safety of the plant and of the per-
formance of the operating organization. An adequate audit and review 
system shall be established to ensure that the safety policy of the operating 
organization is being implemented effectively and that lessons are being 
learned from its own experience and from the experience of others to 
improve safety performance. ‘Self-assessment’ by the operating organiza-
tion shall be an integral part of the monitoring and review system.

Requirement 10 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish and implement a system for 
plant confi guration management to ensure consistency between design 
requirements, physical confi guration and plant documentation. Controls on 
plant modifi cations shall ensure that changes to the plant and its safety-
related systems are properly identifi ed, specifi ed, screened, designed, evalu-
ated, authorized, implemented and recorded.

Requirement 11 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish and implement a programme 
to manage modifi cations. Modifi cation programmes shall cover structure, 
systems, and components, operational limits and conditions, procedures, 
documents and the structure of the operating organization. Modifi cations 
shall be characterized on the basis of their safety signifi cance. Temporary 
modifi cations shall be limited in time and number to minimize the cumula-
tive safety signifi cance.
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Requirement 12 of the operating requirements (IAEA, 2011a) declares 
that systematic safety assessments of the plant in accordance with the regu-
latory requirements shall be performed by the operating organization 
throughout the plant’s operational lifetime, with due account taken of oper-
ating experience and signifi cant new safety-related information from all 
relevant sources. The scope of the safety review shall include all safety-
related aspects of an operating plant.

Requirement 13 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall ensure that a systematic assessment is 
carried out to provide reliable confi rmation that safety-related items are 
capable of the required performance for all operational states and for acci-
dent conditions. Appropriate concepts and the scope and process of equip-
ment qualifi cation shall be established, and effective and practicable 
methods shall be used to upgrade and preserve equipment qualifi cation.

Requirement 14 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall ensure that an effective ageing man-
agement programme is implemented to ensure that required safety func-
tions of systems, structures and components are fulfi lled over the entire 
operating lifetime of the plant. The ageing management programme shall 
determine the consequences of ageing and the activities necessary to main-
tain the operability and reliability of structures, systems and components.

Requirement 15 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish and maintain a system for 
the control of records and reports. The operating organization shall identify 
the types of records and reports, as specifi ed by the regulatory body, that 
are relevant for the safe operation of the plant.

Requirement 16 of the operating requirements (IAEA, 2011a) declares 
that, where applicable, the operating organization shall establish and imple-
ment a comprehensive programme for ensuring the long-term safe opera-
tion of the plant beyond a time-frame established in the licence conditions, 
design limits, safety standards and/or regulations. The justifi cation for long-
term operation shall be prepared on the basis of the results of a safety 
assessment, with due consideration of the ageing of structures, systems and 
components, and should utilize the results of periodic safety review. Figure 
23.3 shows the age distribution of existing NPPs.

23.2.3 Operational safety programmes

Requirement 17 of the operating requirements (IAEA, 2011a) declares that 
the operating organization shall ensure that the implementation of safety 
requirements and security requirements satisfi es both safety objectives and 
security objectives. Safety and security measures shall be designed and 
implemented in such a way that they do not compromise each other.
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Principle 9 of the IAEA Fundamental Safety Principles (IAEA, 2006a) 
establishes that arrangements must be made for emergency preparedness 
and response for nuclear or radiation incidents. Requirement 18 of the 
operating requirements (IAEA, 2011a) declares that the operating organi-
zation shall prepare an emergency plan for preparedness for and response 
to a nuclear or radiological emergency. Emergency preparedness arrange-
ments shall cover the capability of maintaining protection and safety in the 
event of accident conditions, mitigating the consequences of accidents if 
they occur, protection of site personnel and the public, and protection of 
the environment, as well as coordinating response organizations, as appro-
priate, and communicating with the public in a timely manner.

Principle 8 of the IAEA Fundamental Safety Principles (IAEA, 2006a) 
establishes that all practical efforts must be made to prevent and mitigate 
nuclear or radiation accidents. Requirement 19 of the operating require-
ments (IAEA, 2011a) declares that the operating organization shall estab-
lish an accident management programme for the management of 
beyond-design-basis accidents. The programme shall cover the preparatory 
measures and guidelines that are necessary for dealing with beyond-design 
accidents. Arrangements for accident management shall provide the operat-
ing staff with appropriate systems and technical support.

Principle 7 of the IAEA Fundamental Safety Principles (IAEA, 2006a) 
establishes that people and the environment, present and future, must be 
protected against radiation risks. Requirement 20 of the operating require-
ments (IAEA, 2011a) declares that the operating organization shall estab-
lish and implement a radiation protection programme. The programme 
shall be in compliance with the requirements of the International Basic 
Safety Standards (IAEA, 1996).

Requirement 21 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish and implement a programme 
for the management of radioactive waste. Adequate operating practices 
shall be implemented to ensure that the generation of radioactive waste is 
kept to the minimum practicable in terms of both activity and volume.

Requirement 22 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall make arrangements for ensuring fi re 
safety. The arrangements shall cover adequate management for fi re safety, 
preventing fi res from starting, detecting and extinguishing quickly any fi res 
that do start, preventing the spread of those fi res that have not been extin-
guished, and providing protection from fi re from structures, systems and 
components that are necessary to shut down the plant safely.

Requirement 23 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish and implement a programme 
to ensure that safety-related risks associated with non-radiation-related 
hazards to personnel involved in activities at the plant are kept as low as 
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reasonably achievable. All personnel, suppliers, contractors and visitors 
(where appropriate) shall be trained and shall have the necessary knowl-
edge of the non-radiation-related safety programme (industrial safety).

Requirement 24 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish an operational experience 
programme to learn from events at the plant and events in the nuclear 
industry and other industries worldwide. The programme shall cover report-
ing, collecting, screening, analysing, trending, documenting and communi-
cating operational experience at the plant in a systematic way.

23.2.4 Plant operations

Requirement 26 of the operating requirements (IAEA, 2011a) declares that 
the operating procedures shall be developed that apply comprehensively 
(for the reactor and its associated facilities) for normal operation, antici-
pated operational occurrences and accident conditions, in accordance with 
the policy of the operating organization and the requirements of the regula-
tory body. The procedures and reference material shall be clearly identifi ed 
and shall be readily accessible in the control room and in other operating 
locations if necessary.

Requirement 27 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall ensure that the operation control 
rooms and control equipment are maintained in a suitable condition. The 
habitability and good condition of control rooms shall be maintained.

Requirement 28 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall develop and implement programmes 
to maintain a high standard of material conditions, housekeeping and clean-
liness in all working areas.

Requirement 29 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish and implement a chemistry 
programme to provide the necessary support for chemistry and radiochem-
istry. The chemistry programme shall provide the necessary information and 
assistance for chemistry and radiochemistry for ensuring safe operation, 
long-term integrity of structures, systems and components, and minimiza-
tion of radiation levels.

Requirement 30 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall be responsible and shall make arrange-
ments for all activities associated with core management and with on-site 
fuel handling. Provisions shall be made to ensure that only fuel that has 
been appropriately manufactured is loaded into the core. The fuel design 
criteria and fuel enrichment shall be in accordance with design specifi ca-
tions and shall be approved by the regulatory body as required.
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23.2.5 Maintenance, testing, surveillance and inspections

Requirement 31 of the operating requirements (IAEA, 2011a) declares that 
the operating organization shall ensure that effective programmes for main-
tenance, testing, surveillance and inspection are established and imple-
mented. Maintenance, testing, surveillance and inspection programmes 
shall be established that include predictive, preventive and corrective main-
tenance activities. These maintenance activities shall be conducted to main-
tain availability during the service life of structures, systems and components 
by controlling degradation or preventing failures.

Requirement 32 of the operating requirements (IAEA, 2011a) declares 
that the operating organization shall establish and implement arrangements 
to ensure the effective performance, planning and control of work activities 
during outages. Outage planning shall be a continuing, improving process 
involving past, present, next scheduled and future outages.

23.3 Management, organization and administration 

of nuclear power plants (NPPs)

The organizational structure of a nuclear power plant (NPP) must support 
safe, reliable and effective performance and control of all power plant 
activities. The organization of the nuclear power plant provides the admin-
istrative and functional structure that determines where people are assigned, 
what they are to do, and how they are expected to accomplish their tasks. 
Policies, directives, procedures, goals and objectives and performance stan-
dards provide administrative controls and management direction to imple-
ment the organizational structure, to conduct all power plant activities and 
ensure safe operation of the power plant. The organizational structure 
establishes formal relationships and lines of communication. Responsibilities 
and authorities for accomplishing assigned tasks should be clearly defi ned 
and communicated within the established organizational structure.

Management monitoring and assessment activities are integral parts of 
the administrative system to identify areas where performance is achieving 
the high standards expected by management as well as where performance 
is deviating from management expectations.

In addition, a sound safety management system should be established at 
the power plant as an integral part of the overall management system. The 
safety management system should comprise those arrangements made by 
the operating organization that are needed to promote a strong safety 
culture and achieve and maintain good safety performance.

For this purpose the management, organization and administration 
includes NPP management practices as well as the quality assurance pro-
gramme, the industrial safety programme, and document and records man-
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agement that are also important elements of NPP management and 
contribute to the safe operation of the NPP.

More information is in IAEA (2011a) and IAEA (2001b).

23.3.1 Organization and administration

The operating organization should establish for the plants under its control 
an organizational plan that indicates the general policies, lines of responsi-
bility and authority, lines of communication, duties and number of staff and 
their required qualifi cations needed to run the plants. When new construc-
tion, retirement or other developments indicate that some critical plant 
personnel may leave the workforce, management should have plans for 
fi lling the openings with competent people.

The plant’s documented organizational structure shall indicate the staff-
ing arrangements within the categories of direct line operating personnel 
and supporting personnel. Functional responsibilities, levels of delegated 
authority and lines of internal and external communication for safe opera-
tion of the plants in all operational states, for mitigating the consequences 
of accident conditions and for ensuring an appropriate response in emer-
gencies, shall be clearly defi ned in writing. The extent to which the support 
functions are self-suffi cient or dependent upon services from outside the 
plant organization shall be shown by means of functional organizational 
charts which include personnel resource allocations and specify the duties 
and responsibilities of key personnel. Likewise, the transfer of responsibility 
across interfaces should be clearly defi ned and understood.

Adequate fi nancial and manpower resources and facilities should be 
made available to managers for safe and effi cient operation of the plant. 
Adequate provisions of qualifi ed spares, materials and equipment should 
be consistent with the need for timely execution of safety-related activities. 
The management system should be supported by a well-established human 
resources management programme that includes high standards for recruit-
ment and selection of personnel, a well-established performance appraisal 
system, and a promotion and succession-planning system that takes into 
account attitudes towards safety. A fi tness-for-duty policy should be estab-
lished that ensures individuals are physically and mentally fi t to perform 
their job in a safe manner.

Suitably qualifi ed and experienced persons shall perform all activities 
that may affect safety. The nuclear power plant shall be staffed with com-
petent managers and a suffi cient number of qualifi ed personnel having a 
proper awareness of the technical and administrative requirements for 
safety and motivated to be safety conscious. Attitudes towards safety shall 
be a criterion for the hiring or promoting of managers. Staff performance 
appraisals shall also include the attitude towards safety.
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Supporting activities provided by contractors should adhere to the same 
standards as plant quality and safety policies. The plant requirements relat-
ing to quality and competency of the contractor staff and work product 
should be at the same standard as the activities carried out by the plant 
staff. Contractors’ staff shall be properly controlled and supervised by the 
plant staff.

To enable the regulatory body to perform its functions, the operating 
organization shall render all necessary assistance and shall grant access to 
the plant and documentation. Mutual understanding and respect between 
the regulatory body and the operating organization, and a frank, open and 
yet formal relationship, shall be fostered.

Recently in many countries the nuclear industry has been going through 
a period of signifi cant changes. These changes arise from the political and 
business environment in which the industry must operate, and from within 
the industry itself as it strives to become more competitive. Changes to 
staffi ng levels, ways of working or organizational structure should be subject 
to analysis and independent review when proposed. These changes must be 
carefully considered with respect to potential impacts on nuclear safety. 
Changes should be monitored during and after implementation to ensure 
that they are not detrimental to safety. The need for change should be com-
municated to the staff and ownership of the need for change established 
with those involved.

More information is in IAEA (2001b), IAEA (2002d), IAEA (2006c), 
IAEA (2006d), IAEA (2010a) and IAEA (2011a).

23.3.2 Management activities

Management should establish and clearly communicate high standards of 
performance to promote excellence in the conduct of all power plant activi-
ties. Management policies and directives covering conduct of activities 
should refl ect desired high standards. In particular, there should be a clear 
statement of quality and safety policy according to senior management’s 
commitment. Goals and objectives that promote excellence in plant opera-
tion and focus on areas needing improvement should be in place. Good 
communication of management expectations should be established within 
the plant and also with outside organizations.

Managers should actively promote and frequently reinforce corporate 
policies, safety goals and objectives. Plant management should develop 
goals and objectives that support and complement established corporate 
goals. Suitable goals and objectives should be established at departmental 
level to support the goals of the plant management. Where it is reasonable, 
the goals and objectives of all management levels should be measurable 

�� �� �� �� ��



 Operational safety of nuclear power plants 785

Published by Woodhead Publishing Limited, 2012

and stated in terms that allow measurement of progress and clear determi-
nation of achievement.

Supervisors and managers should fully understand their role and respon-
sibilities and the reasons for required policies. They should display those 
values and behaviours required to demonstrate that safety is their top prior-
ity. A mechanism should exist for plant staff to report safety concerns to 
management. There should also be a mechanism for staff to report safety 
concerns to an independent body (e.g. regulator) if they are not satisfi ed 
with management response. Senior-level managers should be accessible and 
respond to suggestions from personnel. Managers should routinely be in 
the fi eld to assess and discuss the conduct of work and compliance with 
management objectives.

Administrative procedures, rules and instructions, covering all aspects of 
plant operation and applicable to all personnel on site, should ensure safe 
and effective methods of working and uniformity of performance.

Priorities of management efforts and resource allocation should refl ect 
the safety signifi cance of the issues dealt with, and the risks associated with 
them. Probabilistic safety assessments (PSAs) have been performed by 
many nuclear power plant organizations to identify potential plant vulner-
abilities and understand the relative risk contribution of particular design 
and operational features. As a result of the availability of PSA studies, there 
is a desire to use them to enhance plant safety and to operate the nuclear 
stations more effi ciently. PSA has proved to be an effective tool for this 
purpose as it assists plant management to target resources where the largest 
benefi t to plant safety can be obtained. The current state-of-the-art in PSA 
is considered to be suffi ciently well developed that the insights from such 
studies can be used sensibly in the plant safety decision-making process and 
risk management. However, any PSA that is to be used for such a purpose 
must have a credible and defensible basis.

More information is in IAEA (2001b), IAEA (2002d), IAEA (2006c), 
IAEA (2006d) and IAEA (2011a).

23.3.3 Safety management

This section on the management of safety should not be taken to suggest 
that safety is managed separately from other management activities. Neither 
should it be seen as an optional extra. The organization’s safety manage-
ment system is generally considered to be an integral part of its overall 
management system.

A safety management system should be applied, integrating management 
of safety, health, environmental quality and economic matters in a coherent 
manner.
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A policy on safety shall be developed by the operating organization and 
applied by all site personnel. This policy shall give safety the utmost priority 
at the plant, overriding if necessary the demands of production and project 
schedules. The safety policy should demonstrate the organization’s commit-
ment to high safety performance and be supported by reference to safety 
standards, the development of targets and provision of the resources neces-
sary to achieve these targets. The policy should be provided to all staff 
members for their guidance and clearly understood by all of them and 
declared to the public as one of the objectives of the operating organization. 
The operating organization should ensure that adequate resources are 
available to implement the safety policy.

All functions in the operating organization should encourage and support 
sound safety management practices at the highest levels of corporate and 
plant management. Managers, at various organizational levels, should dem-
onstrate their commitment to safety as a top priority.

The risks associated with any operating activity at the plant should be 
systematically evaluated and measures taken to eliminate or mitigate the 
identifi ed risks.

The operating organization should demonstrate a commitment to achiev-
ing improvements in safety wherever it is reasonably practicable to do so 
as part of a continuing commitment to the achievement of excellence. The 
organization’s improvement strategy for achieving higher safety perform-
ance and for more effi cient ways to achieve existing standards should be 
based on a well-defi ned programme with clear objectives and targets against 
which to monitor progress.

The operating organization should comprehensively monitor plant oper-
ation to ensure its licensee accountability and to evaluate performance 
against the goals and objectives established for safe operation of the plant. 
Senior plant management should routinely monitor performance against 
these goals and objectives, and hold responsible staff accountable for their 
achievement.

Performance indicators should be established to measure the progress in 
achieving the goals and objectives. They should be regularly assessed against 
defi ned goals and objectives, and the results should be communicated to 
staff and used to derive corrective actions.

More information is in IAEA (1991), IAEA (2000a), IAEA (2001b), 
IAEA (2002d), IAEA (2002f), IAEA (2006c), IAEA (2006d), IAEA 
(2009d) and IAEA (2011a).

23.3.4 Quality assurance programme

The operating organization should develop, implement and maintain a 
quality policy and a quality assurance (QA) programme. The QA pro-
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gramme should serve as a management tool in verifying or confi rming, 
through meaningful monitoring, that the requirements established within 
the organization are being achieved. This programme should include details 
of how work is to be managed, performed and assessed. It includes the 
organizational structure, functional responsibilities, level of authority and 
interfaces for those managing, performing and assessing the adequacy of 
the work. The QA programme should address management measures, 
including planning, scheduling and resource considerations.

Management in the entire and constituent areas of work should provide 
and demonstrate support for the effective implementation of the QA pro-
gramme consistent with specifi ed time schedules for accomplishing project 
activities. The operating organization is responsible for the establishment 
and implementation of the overall QA programme. If it delegates the work 
of establishing and implementing all or part of the overall programme, it 
retains responsibility for the effectiveness of the programme in all 
circumstances.

Quality assurance requirements should be applied to activities such as 
operations, maintenance and procurement of replacement items, tests or 
experiments, changes of confi guration and plant modifi cation, which may 
be undertaken by other units of the operating organization or by external 
agencies. It should remain the responsibility of plant management to ensure 
that arrangements are in place to control all activities affecting quality.

Safety issues should be the fundamental consideration in the identifi ca-
tion of items, services and processes to which the QA programme applies. 
A graded approach based on the relative importance to safety of items, 
services and processes should be used. It should refl ect a planned and rec-
ognized difference in the applications of specifi c quality assurance 
requirements.

Independent assessments should be conducted on behalf of management 
to measure the effectiveness of management processes and the adequacy 
of work performance, to monitor item and service quality and to promote 
improvement.

More information is in IAEA (2006c), IAEA (2006d), IAEA (2009d) and 
IAEA (2011a).

23.3.5 Industrial safety programme

The operating organization should have a general policy to ensure the 
industrial health and safety of personnel on site is satisfactory. All elements 
of this policy should be documented in a plant safety manual, while details 
are included in implementing procedures.

The industrial safety programme should be known, understood and 
adhered to by all personnel on site. Senior management should be commit-
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ted to industrial safety; line supervisors should have the authority and 
responsibility to ensure good industrial safety performance. A suitable 
organization should be in place that supports the programme and a process 
should be implemented that routinely reviews the status of industrial safety 
practices. A risk analysis should be performed prior to any activity.

More information is in IAEA (2006c), IAEA (2006d), IAEA (2009d) and 
IAEA (2011a).

23.3.6 Documentation and records management

A documentation and records management system should be established 
to ensure the appropriate keeping of all documents relevant to the safe and 
reliable operation of the plant, including design documents, commissioning 
documents, and documents related to the operational history of the plant, 
as well as general and specifi c procedures. Control of documentation should 
be done in a consistent, compatible manner throughout the plant and the 
operating organization. This includes preparation, change, review, approval, 
release and distribution of documentation. Lists and procedures for these 
functions should be prepared and controlled.

The records system should ensure that records are specifi ed, prepared, 
authenticated and maintained, as required by applicable administrative 
procedures in accordance with the QA requirements. Information sources 
should be integrated, when appropriate, to improve the accuracy, timeliness 
and availability of the information.

A suitable records storage system should be in place to ensure safe con-
servation and easy accessibility of all documents and records necessary to 
operate the plant.

More information is in IAEA (2001b), IAEA (2006c), IAEA (2006d) and 
IAEA (2011a).

23.4 Training and qualifi cation

To achieve and maintain high safety standards, nuclear power plants are 
required to be staffed by an adequate number of highly qualifi ed and expe-
rienced personnel. To establish and maintain a high level of personnel 
competence, appropriate training and qualifi cation programmes should be 
established at the plant and kept under constant review, to ensure their 
relevance to staff needs. It is the responsibility of the operating organization 
to ensure that all plant personnel receive appropriate training and that only 
personnel with suitable qualifi cations are assigned job functions at the 
nuclear plant. During employment, qualifi cations are maintained by partici-
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pation in continuing training programmes that are directed towards main-
taining and upgrading the knowledge and skills of the personnel.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.1 Training policy and organization

The operating organization should formulate an overall training policy. The 
training policy should be known, understood and supported by all persons 
concerned. A training plan should be prepared on the basis of the long-term 
needs and goals of the plant. A systematic approach to training should be 
used for the training of plant personnel. A system should be in place to 
identify the training needs of all staff following their recruitment. These 
training needs should be reviewed and revised to take account of organi-
zational changes and changes in plant and processes. Appropriate mecha-
nisms should ensure that a ‘corporate memory’ of safety-related events is 
retained.

The plant manager should be responsible for the qualifi cation of plant 
staff and should support the training organization with necessary resources 
including staffi ng and facilities. He should ensure that cost reduction pro-
grammes do not lead to undue limitation of resources being made available 
for training and retraining staff. Succession planning should be an estab-
lished practice in the training organization. The training organization should 
be responsible for assisting the plant manager in establishing, verifying and 
maintaining the competence of plant staff. The training organization should 
be well defi ned, including its interfaces with other plant groups. Line man-
agers and supervisors should be accountable for the qualifi cation of their 
personnel and involved in defi ning their training needs and ensuring that 
the training provided refl ects operating experiences. Managers and supervi-
sors should ensure that production requirements do not interfere with the 
conduct of training programmes.

The operating organization should ensure that the qualifi cations and 
training of external personnel performing safety-related duties are ade-
quate for the functions to be performed.

Qualifi cations of each individual should be assessed against established 
training objectives and performance criteria during and after the training 
and before assignment to a new job and periodically thereafter. Individual 
training records should be maintained. Persons performing certain 
functions important to safety should be required to hold a formal 
authorization.

The Institute of Nuclear Power Operation (INPO) provides the pro-
gramme on accreditation of the training programmes in each of the US 
nuclear power plants. This highly involved accreditation programme is now 
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being considered and put in practice in some countries, notably the UK and 
more recently in Spain.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.2 Quality of the training programmes

Performance-based programmes for initial and continuing training shall be 
developed and put in place for each major group of personnel. The content 
of each programme should be based on a systematic approach, such as job 
and task analysis, ensuring the necessary knowledge and skills are incorpo-
rated. Training programmes should be in place to address safety culture. 
Such programmes should stress that individuals understand the signifi cance 
of their duties and the consequences of mistakes arising from misconcep-
tions or lack of diligence. Training programmes shall promote attitudes that 
help to ensure that issues of safety receive the attention they warrant. 
Training programmes for most NPP positions should include periods of 
formal training in the classroom intermixed with intervals of simulator, or 
laboratory, or workshop, training and should include practical training in 
the plant. This training should be conducted and evaluated in the work 
environment by qualifi ed, designated individuals.

The adequacy of all training programmes should be periodically reviewed 
and assessed by both plant management and the training staff. This should 
include evaluation of training graduate competence in the workplace and 
adjustment of training programmes as necessary. The programme should be 
designed to allow for updating when changes in the tasks, plant systems or 
procedures are made. In addition, a system shall be in place for timely 
modifi cation and updating of the training facilities and materials to ensure 
that they accurately refl ect plant conditions.

More information is in IAEA (1991), IAEA (2002d), IAEA (2002f) and 
IAEA (2011a).

23.4.3 Training programmes for control room operators and 
shift supervisors

The training and qualifi cation programme for control room operator (CRO) 
and shift supervisor (SS) should develop and improve the competence to 
operate the controls of a nuclear power plant and direct those who manipu-
late the controls in the control room and in the plant.

Their training programme should develop and maintain adequate knowl-
edge and skills to ensure that they are able to:

• Monitor and control the plant system status in accordance with relevant 
rules, operating instructions, technical specifi cations and administrative 
procedures
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• Conduct all operations in a safe and reliable manner, without causing 
excessive thermal or mechanical load to the plant equipment

• Take correct actions in response to various abnormal conditions, and 
bring the plant to a safe condition, including shutdown, whenever 
needed.

The training programmes should also include broad knowledge of the fun-
damentals to provide a basis for understanding the operation of systems 
and integrated plant operations and to diagnose system/component 
problems.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.4 Training programmes for fi eld operators

The fi eld operator training and qualifi cation programme should develop, 
maintain and improve the knowledge and skills necessary to operate equip-
ment outside the control room in accordance with relevant instructions and 
procedures, as directed by the control room staff. This training programme 
should develop and maintain basic knowledge and skills in similar areas as 
the programme for control room operators but it should emphasize practi-
cal work-specifi c topics. Well-trained fi eld operators should be able to:

• Monitor the equipment performance and status in the fi eld and recog-
nize any deviations from the normal conditions

• Conduct all fi eld operations in a safe and reliable manner, without 
causing unacceptable risks to plant

• Detect and properly respond to plant conditions with the goal of pre-
venting or, at minimum, of mitigating unanticipated plant transients.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.5 Training programmes for maintenance personnel

The training and qualifi cation programme for maintenance personnel 
should develop and maintain or improve the knowledge and skills necessary 
for carrying out preventive and predictive maintenance, repairs and plant 
modifi cations. Training programmes for maintenance personnel should 
include plant layout and the general features and purposes of plant systems, 
quality assurance and quality control, maintenance procedures and prac-
tices, including surveillance and inspections, and special maintenance skills. 
An appropriate emphasis on the safety culture should be included in all 
aspects of training for maintenance personnel. Training programmes for 
maintenance personnel should emphasize the potential safety consequences 
of technical or procedural errors. Experience of faults and hazards caused 
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by errors in maintenance procedures and practices at the NPP or at other 
plants and in other industries should be reviewed and incorporated into 
training programmes as appropriate.

Special training provided to individuals should develop their craft skills 
and ensure qualifi cation on equipment to which they are assigned to work.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.6 Training programmes for technical plant 
support personnel

The training and qualifi cation programmes for technical support personnel 
based on the specifi c needs of the power plant should be established to 
develop and maintain the knowledge and skills of technical personnel to 
support safe and reliable plant operation. Consideration also should be 
given to the training needs of contracted personnel to ensure that the 
requirements of the operating organization are met. Technical support per-
sonnel should acquire knowledge of plant systems and understanding of 
operational methods and environment, so that they can effectively guide 
and interact with operating and maintenance personnel. These personnel 
should have knowledge of the operational features of the plant and prefer-
ably possess ‘hands on’ experience. In addition to technical training, appro-
priate training in other areas, such as supervisory and communication skills, 
should be provided. Dependent on the specifi c technical support groups, 
the appropriate training programmes should cover such subject areas as 
reactor physics and core management, chemistry, radiation protection, sur-
veillance and testing, planning, performance and plant engineering, safety 
analyses and reviews, emergency preparedness, records administration and 
documentation, and quality assurance.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.7 Training programmes for management and 
supervisory personnel

The plant should have a management development programme to ensure 
that an adequate number of experienced and qualifi ed staff is available to 
fi ll any manager or supervisor position, in the event that a position is unex-
pectedly vacated. Training programmes for management and supervisory 
personnel should emphasize the concept and practices of safety culture. 
These programmes should emphasize the special problems of managing an 
NPP, with the exceptional demand for safety and the need for familiarity 
with emergency procedures. They should give a thorough understanding of 
relevant standards, rules and regulations. They should also give a good 
overall knowledge of the plant and its systems. The managers and supervi-
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sors with responsible positions in the emergency preparedness organization 
should be specially trained for their emergency duties. Special attention 
should be given to gaining from the benefi ts of operational experience 
feedback and root-cause analysis for events that are generic or occur fre-
quently at the plant. Training programmes for managers and supervisors, 
and their potential successors, should also include courses and seminars on 
management and supervisory skills, coaching and mentoring, decision 
making, self-assessment techniques, root-cause analysis, team training, and 
communications. The managers and supervisors should also attend continu-
ing training in their areas of responsibility, in order to maintain current 
technical knowledge and to be able to supervise training of their staff.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.8 Training programmes for training group personnel

All training department staff, simulator and technical support engineers, 
technicians and instructors should be given training commensurate with 
their duties and responsibilities. Training instructors shall be technically 
competent in their assigned areas of responsibility and have credibility with 
the trainees and other plant personnel. They should understand all aspects 
of the content being taught and the relationship of that content to overall 
plant operation. In addition, the instructors should be familiar with the 
basics of adult learning and of a systematic approach to training and have 
adequate instructional and assessment skills. Instructors should also be 
given the time necessary to maintain their technical and instructional com-
petence, by secondment or attachment to operating plant on a regular basis, 
and by continuing training. Personnel in the on-site training department 
should also be properly trained in matters concerning the policies of the 
operating organization, in particular safety management and safety culture, 
the regulatory requirements and quality assurance.

More information is in IAEA (2002d) and IAEA (2011a).

23.4.9 General employee training

All new employees starting work at nuclear power plants should be intro-
duced to the organization and their work environment in a systematic and 
consistent manner. General employee training (GET) programmes should 
give new employees a basic understanding of their responsibilities and safe 
work practices, the importance of quality programmes and following pro-
cedures and the practical abilities to protect themselves from hazards asso-
ciated with their work. Hands-on training in radiation protection actions, 
which are common to all plant personnel, should be provided to all who 
work in radiological controlled areas. The depth of the knowledge to be 
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provided on each topic should be commensurate with the duty and position 
of the person. The basic principles of safety culture should be taught to all 
employees. Refresher training on GET topics should also be periodically 
provided.

The operating organization should ensure that contractor personnel 
involved in safety-related activities are competent, qualifi ed and medically 
fi t to perform their assigned tasks.

All suppliers and contractors involved in design, engineering, manufac-
turing, construction, operation, maintenance or other safety-related activi-
ties should be aware of the applicable standards while working at a nuclear 
power plant or for an operating organization. Suppliers and contractors 
should understand the safety culture demonstrated by the plant 
personnel.

23.5 Operations

Operations involve activities that supervise the operating group which con-
trols safe plant operation. Their main function is to run the plant safely and 
effi ciently while adhering to approved procedures, operational limits and 
conditions (OLCs) and other regulatory requirements.

The operating group has a direct impact on the reactor operations and 
its associated components and systems through conduct of operations. 
While the structure of the group varies according to the specifi c plant or 
utility, the group is normally composed of shift crews and supporting staff 
during offi ce hours and is usually managed by a head of operations. The 
shift supervisor manages plant operations on each shift. During off-hours 
the shift supervisor maintains the authority of the plant manager. In addi-
tion to this, for the purpose of defi ning review responsibilities in these 
guidelines, operations covers operation facilities, operator aids, work 
authorization, fi re protection and accident conditions.

More information is in IAEA (2000c), IAEA (2008a) and IAEA (2011a).

23.5.1 Organization and functions

The organization and functions of the direct operating group should ensure 
that the nuclear power plant is operated safely and conservatively under 
all operational states and accident conditions. This should include prepara-
tion to deal with severe accident conditions.

The organization, qualifi cations and number of operations personnel 
should be suffi cient for the safe and reliable operation of the plant at power 
and during shutdowns and outage periods. Succession planning should be 
an established practice in the operating group.
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The responsibilities and authorities of the direct operating group should 
be clearly defi ned and understood by all affected personnel.

The operations goals and objectives should be written and defi ned within 
the framework of plant policies and be well understood by the operating 
personnel. In those it should be clear that nuclear safety has an overriding 
priority. Performance indicators should be established that encourage these 
expectations and are reported in periodic assessments.

Plant management should be clearly committed to nuclear safety in plant 
operations. The frequent presence of management in the fi eld will demon-
strate this commitment. Leadership and coaching should contribute to the 
improvement of safety performance.

More information is in IAEA (2001b), IAEA (2009c) and IAEA (2011a).

23.5.2 Operations facilities and operator aids

The facilities and equipment used by the operating staff should be well 
maintained and adequate to support safe and reliable operation of the plant 
under all operating conditions.

There should be a programme to control operator aids at the plant. This 
programme should ensure reliable communications, well-identifi ed and 
labelled equipment, clearly identifi ed defective or unavailable equipment, 
good environmental conditions at the plant, clear and accessible informa-
tion systems and adequate and well-maintained supporting equipment.

More information is in IAEA (2008a) and IAEA (2011a).

23.5.3 Operating rules and procedures

Operating personnel should operate the plant safely and reliably while 
keeping the plant’s operation within the OLCs, in accordance with the 
policy of the operating organization and the requirements of the regulatory 
body. Comprehensive legible operating procedures should be provided for 
the operators.

Procedures shall be developed for normal operation to ensure that the 
plant is operated within the OLCs. Either event-based or symptom-based 
procedures shall be developed for anticipated operational occurrences and 
design-basis accidents. Emergency operating procedures or guidance for 
managing severe accidents (beyond the design basis) shall be developed.

Guidance provided in the procedures should be clear, concise, verifi ed 
for its accuracy and validity and adequate to enable trained operators to 
perform their activities.

All procedures should be properly approved by plant management, con-
trolled by established procedures, and implemented in a timely manner. 

�� �� �� �� ��



796 Infrastructure and methodologies for justifi cation of NPPs

Published by Woodhead Publishing Limited, 2012

Operators should be appropriately trained on procedures, including changes 
to existing procedures or new procedures.

Changes to plant procedures should only be performed following an 
approved procedure that designates the appropriate authorities that must 
approve the change to the procedure.

An appropriate surveillance programme should be established and 
implemented to ensure compliance with the OLCs, and to ensure that its 
results are evaluated and retained.

At a multiple unit site, documents and procedures should be located at 
each unit. Procedures should be written to specifi cally address which unit 
or component will be manipulated.

More information is in IAEA (2000c), IAEA (2002b), IAEA (2009c) and 
IAEA (2011a).

23.5.4 Conduct of operations

Operations personnel should be cognizant of and have control over the 
status of plant systems and equipment in all modes of operation. The shift 
supervisor should be informed of all the plant activities affecting the status 
of systems and components. All activities such as performance and results 
of surveillance tests and maintenance works should be routed via him or 
his delegate for fi nal approval. Similarly, the operators should be kept 
informed of plant status. A policy should be in place that gives direction to 
the operators on procedure rules and requirements of how a procedure 
should be used. This policy should include directions for when procedures 
are to be used as general guidance, are to be followed step-by-step, or need 
to be signed off for each step. Close adherence to written procedures should 
be observed in order to ensure correct operation of equipment. The policy 
should also include directions when a procedure must be physically at the 
job site, and what actions are to be taken when procedures confl ict or are 
inadequate. Deviation from these procedures should require approval at a 
level appropriate to its safety signifi cance. Procedure users should be 
encouraged to provide feedback to procedure writers on inaccuracies, dif-
fi culties in use and suggestions for improvement.

The operating department’s policies and procedures should refl ect an 
attitude of safe conservative operations. Managers and supervisors should 
demonstrate and require a conservative approach towards activities affect-
ing the reactor core and safety systems.

Control room activities should be conducted in a businesslike and profes-
sional manner. An atmosphere conducive to safe and reliable operation 
should be maintained. Operators should be alert and attentive to control 
board indications and alarms. Administrative duties assigned to control 
room operators should not interfere with their ability to monitor plant 
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parameters and conduct other operational activities. Control room access 
should be limited to persons on offi cial business only.

The shift crews should routinely monitor the condition of systems and 
components and make the appropriate records. The important information 
on the plant status and the relevant operating occurrences should be ade-
quately logged. The operational personnel should conduct regular plant 
tours to ensure that the status of equipment is evaluated appropriately and 
abnormal conditions identifi ed. Operational personnel should take appro-
priate actions to correct or report defi ciencies noted during tours.

The shift turnovers should be carried out in accordance with the formal 
procedure. The procedures should identify the persons involved, their 
responsibilities, the locations and the conduct of shift turnovers, and methods 
of reporting plant status, including provisions for special circumstances such 
as abnormal plant status and staff unavailability.

Effective reviews should be conducted after a reactor trip or unplanned 
shutdown to evaluate the causes of the trip and the corrective measures 
implemented.

A formal communication system should exist for the transmission of 
orders and for the transfer of information related to the reliable and safe 
operation of the plant. Oral communication should be clear, concise and 
understandable.

More information is in IAEA (2008a) and IAEA (2011a).

23.5.5 Work authorizations

Work conducted at the plant should be planned, analysed and executed in 
a manner that is consistent with the requirements of plant operations both 
during power operation and during shutdown. A comprehensive work plan-
ning and control system shall be implemented to ensure that maintenance, 
testing, surveillance and inspection work is properly authorized and is 
carried out in accordance with established procedures. A work control 
process should be integrated into all work groups. By supporting this process 
operations will be able to better analyse risk when equipment is inoperable 
and decrease the time during which important equipment is not available 
due to inappropriate scheduling of maintenance.

The operations group has the responsibility to assist maintenance in the 
planning and execution of work on plant components and systems to ensure 
that equipment reliability and availability are maximized.

Emergent work should go through the same safety review process to 
evaluate risk as work in a planned schedule.

Planning of work, outages, modifi cations and tests should be well coor-
dinated to ensure that the plant remains in a safe condition at all times and 
in accordance with the OLCs. Better planning and work control also mean 
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that control room operations staff, maintenance technicians, system engi-
neers, radiation protection personnel and planners are able better to coor-
dinate their activities. The work management system should ensure that 
operational tasks are identifi ed, prioritized and correctly executed. Suitable 
and suffi cient assessments of the risks to health and safety arising from 
particular activities need to be carried out. The results of risk assessment 
need to be incorporated into the documentation for the permit to work 
system.

More information is in IAEA (2000b), IAEA (2008a) and IAEA (2011a).

23.5.6 Fire prevention and protection programme

The operating organization should establish and implement a comprehen-
sive programme for fi re prevention and protection to ensure that measures 
for all aspects of fi re safety are identifi ed, implemented, surveyed and docu-
mented throughout the entire lifetime of the plant. It is expected that the 
programme includes at least the following:

• Control procedures for combustible materials and ignition sources
• Inspection, maintenance, surveillance and testing of fi re protection 

measures
• Manual fi re-fi ghting capability
• Emergency plans, including liaison with any off-site organizations that 

have responsibilities in relation to fi re fi ghting
• Integration of plant fi re safety arrangements and liaison between parties 

involved
• Review of plant modifi cations to evaluate effects on fi re safety
• Training in fi re safety and emergency drills
• Impact of plant modifi cations on fi re safety
• Periodic updating of the fi re hazard analysis.

Responsibilities of site staff involved in the establishment, implementa-
tion and management of the programme for fi re prevention and protection, 
including arrangements for any delegation of responsibilities, should be 
identifi ed and documented. The documentation should identify the posts, 
specifi c responsibilities, authorities and chain of command for personnel 
involved in fi re safety activities, including their relation with the plant 
organization. The plant management should establish an on-site group with 
the specifi c responsibility for ensuring the continued effectiveness of the 
fi re safety arrangements.

Plant personnel engaging in activities relating to fi re safety should be 
appropriately qualifi ed and trained so as to have a clear understanding of 
their specifi c areas of responsibility and how these may interface with the 
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responsibilities of other individuals, and an appreciation of the potential 
consequences of errors. General training relative to fi re hazards, fl ooding, 
secondary effects of fi res and fi re zone protection should be provided to 
station personnel.

Periodically, drills and exercises should be conducted to confi rm the fi re 
prevention and protection programme’s implementation and effectiveness. 
Records should be maintained of all exercises and drills and of the lessons 
to be learned from them. Full consultation and liaison should be maintained 
with any off-site organizations that have responsibilities in relation to fi re 
fi ghting.

More information is in IAEA (2000b) and IAEA (2011a).

23.5.7 Management of accident conditions

Arrangements and procedures should be in place which address the actions 
necessary following accident conditions at a plant. The organization and 
administration of the direct operating group should ensure that the nuclear 
power plant can be controlled under accident conditions. The shift supervi-
sor should have prompt support from the technical staff while managing 
accident conditions, including beyond-design-basis accident and severe 
accident conditions. When the conditions exceed specifi c limits as per the 
station emergency plan, an additional organization structure should be 
established to take over the responsibility for long-term actions to mitigate 
effects on the environment.

Under extreme situations an operator may be required to deviate from 
OLCs. The plant should have clear written directions addressing under what 
circumstances the OLCs may be intentionally deviated from, what permis-
sion is necessary prior to the action, and any notifi cations to plant staff or 
regulators that are required before or after the deviation occurs.

Adequate training and frequent drills using the emergency operating 
procedures (symptom or event oriented) and emergency plan procedures 
should be carried out. The members of the operating staff should receive 
instruction in analysis of accidents beyond the design basis and severe 
accidents as part of their training programme. The training of plant opera-
tors should ensure their familiarity with accidents beyond the design basis 
and the guidance for severe accident management.

The emergency staff and the supporting groups should be trained in 
performing appropriate, pre-planned actions. All the training should be 
repeated at suffi cient intervals and reinforced through drills involving the 
full exercise of all emergency team members under conditions that are as 
realistic as possible.

More information is in IAEA (2009c) and IAEA (2011a).
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23.6 Maintenance

The nuclear installations must be regularly inspected, tested and main-
tained in accordance with approved procedures to ensure that components, 
structures and systems continue to be available and to operate as intended, 
and that they retain their capability to meet the design objectives and the 
requirements of the safety analysis. The operating organization shall prepare 
and implement a programme of maintenance, testing, surveillance and 
inspection of those structures, systems and components which are important 
to safety. Maintenance covers in-service inspection, spare parts, materials 
and outage management.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.1 Organization and functions

Goals, objectives and priorities of the maintenance department should be 
defi ned to be consistent with the plant policies and objectives. Maintenance 
strategies should be developed to address short- and long-term issues. 
Performance indicators should be established and used to improve perfor-
mance. Effective and high-quality maintenance programmes should be 
encouraged by senior management. Feedback from performance results 
should be used in accountability reviews and in establishing goals and 
objectives for subsequent planning periods.

The organization and administration of the maintenance department 
should ensure the effi cient and effective implementation and control of 
maintenance activities. The organization and staffi ng of the maintenance 
department, as well as the responsibilities of the different units and staff in 
maintenance, should be defi ned and communicated such that all affected 
personnel understand them. Succession planning should be an established 
practice in the maintenance department. Good coordination among differ-
ent maintenance groups (mechanical, electrical, instrumentation and 
control, and civil), and with operations and supporting groups, should be 
established.

Management should demonstrate by example a continuous commitment 
to safety culture. They should promote safety culture and high performance 
standards. Their frequent presence in the fi eld should contribute to improved 
job performance by the use of leadership and coaching techniques.

The organization, qualifi cations and number of maintenance personnel 
should be suffi cient for the maintenance performed during the operation 
of the plant, the outage work to be performed by the plant’s staff and the 
supervision of contractor’s work. Contractor personnel should be subject 
to the same criteria as plant personnel. Good initial and continuing training 
should be implemented.
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An emerging trend in plant maintenance and support is the increased 
employment of contractors to replace traditionally plant-based personnel. 
While this policy has fi nancial benefi ts for the utility, it often comes at the 
expense of safety as a result of lower standards followed by contractors. 
The policy of relationships with contractors falls within the scope of safety 
culture development to ensure that the primary responsibility of the utility 
or plant regarding safety and monitoring is not diluted and to foster the 
quality factor in the contractors’ activities. Emphasis must be placed on the 
quality and safety of work done by the contractor, who must be aware of 
the standards required. Contractors should receive the same attention and 
training in safety culture as utility staff.

More information is in IAEA (2001b), IAEA (2002b) and IAEA 
(2011a).

23.6.2 Maintenance facilities and equipment

Working facilities should provide suffi cient space and equipment to perform 
maintenance activities safely and effi ciently. Maintenance facilities should 
be clean and orderly, and maintenance tools and equipment should be 
maintained in good repair. Lifting, loading and transport equipment should 
be available and there should be provisions for auditing this type of equip-
ment. Consideration should be given to the use of mobile lifting and trans-
port facilities as a possible means of substantially reducing occupational 
exposure (for example, fi lter removing equipment).

Contaminated tools and equipment should be used and stored in a 
manner which prevents the spread of contamination. Work on contami-
nated equipment should be controlled in order to minimize radiation dose. 
Remote-controlled equipment should be available for work in high radia-
tion areas where it has the potential to decrease radiation dose at reason-
able cost.

In addition to the special equipment essential to maintenance, the plant 
management should provide special equipment where this could signifi -
cantly reduce exposure or enhance safety and should provide adequate 
training in its use.

Measurement and test equipment should be controlled to assure accuracy 
and traceability. Chemicals and fl ammable material should be stored 
appropriately.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.3 Maintenance programmes

Comprehensive programmes should optimize safe and reliable perfor-
mance of plant systems and components over the lifetime of the plant. They 
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should be established for in-service inspection, plant ageing and predictive, 
preventive and corrective maintenance.

These programmes should be fully integrated with plant operation and 
modifi cation activities. They should be routinely reviewed and updated, as 
required, to take into account on-site and off-site operating experience and 
modifi cations to the plant or its operating regime. Methodologies such as 
probabilistic safety analysis and reliability-centred maintenance techniques 
should also be reviewed and updated. Risk assessment techniques can also 
contribute to determining maintenance and inspection requirements.

The power plant should establish a programme that takes into account 
the plant equipment ageing process through the various activities of opera-
tion, surveillance and maintenance.

Preventive maintenance (PM) should minimize the potential for break-
down (corrective maintenance) of important equipment by the early detec-
tion and correction of equipment degradation. PM activities should be 
scheduled and carried out according to a defi ned programme.

Predictive maintenance activities should be used to monitor the condi-
tion of installed equipment and systems where appropriate. The results of 
predictive maintenance activities and surveillance tests should be properly 
trended to permit full effectiveness of the preventive maintenance and 
lifetime management programmes.

The corrective maintenance programme should provide for effective 
reporting and timely correction of equipment degradation.

The in-service inspection programme should be established to examine 
systems and components of the plant for possible deterioration so as to 
judge whether they are acceptable for continued safe operation of the plant 
or whether remedial measures should be taken. The in-service inspection 
programme should be implemented in accordance with plant policy, regu-
lating requirements and OLCs.

Recently in the nuclear industry, as a response to economic pressures, 
there are initiatives to improve effi ciency and reduce costs. In the mainte-
nance area this may lead to increases in the time periods between mainte-
nance or inspection outages to improve capacity factors, and shortening 
maintenance and refuelling outage times to improve capacity factors. These 
initiatives should be managed in such a way that possible detrimental effects 
on the quality and effectiveness of the maintenance programmes are 
avoided.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.4 Procedures, records and histories

A policy governing the use of procedures and the handling of deviations 
from the procedures should be implemented and communicated to staff.
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Maintenance procedures and other work-related documents should iden-
tify preconditions and precautions, provide clear instructions for work to 
be done, and be used to ensure that maintenance is performed in accord-
ance with the maintenance strategy, policies and programmes. The proce-
dures should normally be prepared in cooperation with the designers, the 
suppliers of plant and equipment, and the personnel conducting activities 
for quality assurance, radiation protection and technical support. They 
should be technically accurate, properly verifi ed, validated, authorized and 
periodically reviewed.

Priority should be given to amending and updating procedures in a timely 
manner. A mechanism should be implemented which enables users to feed 
back suggestions for the improvement of procedures.

Maintenance instructions issued to craftsmen should be compiled in 
accordance with quality assurance requirements and should point out the 
risk impact of the work on nuclear and personnel safety and identify the 
countermeasures to be taken and specify the post-maintenance/modifi ca-
tion testing required. The required level of skill and methods of procedure 
use should be stated. Routine activities involving skills that qualifi ed per-
sonnel usually possess may not require detailed step-by-step instructions; 
they should nevertheless be subject to control by means of general admin-
istrative procedures.

Human factors and ‘As Low As Reasonably Achievable’ (ALARA) 
principles should be considered in the preparation of maintenance 
instructions.

Maintenance history should be used to support maintenance activities, 
upgrade maintenance programmes, optimize equipment performance and 
improve equipment reliability. Appropriate arrangements should be made 
for orderly collection and analysis of records and production of reports on 
maintenance activities. Maintenance history records should be easily 
retrievable for reference or analysis. The use of computerized maintenance 
history handling would facilitate this process.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.5 Conduct of maintenance work

Maintenance should be conducted in a safe and effi cient manner to support 
plant operation. Personnel should exhibit competence and professionalism, 
which result in quality workmanship when performing assigned tasks. 
Personnel should also demonstrate a questioning attitude before, during 
and after the work is completed. Programmes and documentation should 
support this attitude.

Work should be performed in accordance with policies and procedures 
and be consistent with ALARA and waste minimization principles.
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Maintenance personnel should be attentive to identifying plant defi cien-
cies and responsive to correcting them with the goal of maintaining reliabil-
ity and availability of equipment and systems and keeping them in optimum 
material condition, consistent with the design requirements.

Managers and supervisors should routinely observe maintenance activi-
ties to ensure adherence to station policies and procedures. Post-maintenance 
and modifi cation testing should be systematically and thoroughly 
conducted.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.6 Material conditions

The material condition of the plant should be maintained in such a way that 
its safe, reliable and effi cient operation can be ensured. Plant managers and 
supervisors should defi ne the required standard and conduct frequent tours 
of plant areas in order to confi rm that high standards are maintained. 
Defi ciencies should be identifi ed, controlled and eliminated.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.7 Work control

A comprehensive work planning and control system that considers defence 
in depth should be used to ensure that work activities are properly identi-
fi ed, prioritized, authorized, scheduled and carried out in accordance with 
appropriate procedures and completed in a timely manner. The work plan-
ning system should maintain high availability and reliability of important 
plant systems. Outage planning should be integrated into the work control 
process.

The effectiveness of the work control process should be monitored via 
appropriate indicators and corrective action taken when required. Plant 
defects should be tracked to completion and records kept of work per-
formed. These records should be accessible for review when necessary. The 
work control process should contain an effective operational feedback 
system and a systematic analysis of root causes of rework or repetitive 
failures. Work scheduling should allocate parts, materials, resources and 
expertise at the appropriate time for completion of the preventive and cor-
rective programmes and make provisions for adequate post-maintenance 
testing.

Improved planning and work control can increase the productivity of 
plant maintenance, which, in turn, can lead to a reduced maintenance 
backlog. This is likely to decrease the number of equipment problems with 
a benefi cial effect in reducing the number of plant events and challenges 
to safety systems. Good coordination should be established among mainte-
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nance work groups, operations, other support groups and external agencies 
where appropriate.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.8 Spare parts and materials

Materials management should ensure that necessary parts and materials, 
meeting established quality or design requirements, are made available and 
are suitable for use when needed throughout the lifetime of the plant. 
Regular QA audits should be conducted.

Spare parts and materials important to safety should be accompanied by 
documentation indicating that all requirements specifi ed in the purchase 
order have been met.

Adequate storage facilities, equipment and administration should ensure 
correct management of materials. Suitable environmental conditions should 
exist and fi re protection means should be provided.

More information is in IAEA (2002b) and IAEA (2011a).

23.6.9 Outage management

Outage management organization and administration should ensure the 
safe and effective implementation and control of maintenance activities 
during planned and forced outages. Outage planning and performance 
should take into consideration safety, quality and schedule in this order. 
Programmes and plans should refl ect this.

Outage planning should be a continuing process involving past, next 
scheduled and future outages. Milestones should be determined and used 
to track pre-outage work. Planning should be completed as far in advance 
as possible as circumstances may cause the outage to begin earlier than 
intended.

The tasks, authorities and responsibilities of different organizational units 
and persons should be clearly understood. This is especially important 
during outage periods, when the organization may be temporarily modifi ed. 
Nuclear safety during shutdown must be given careful consideration.

ALARA principles (see Section 23.6.4) and waste reduction should be 
embedded in programmes and planning.

More information is in IAEA (2002b) and IAEA (2011a).

23.7 Technical support

Technical support (TS) covers all on-site activities of the technical and 
engineering groups involved in surveillance testing, plant performance 
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monitoring, plant modifi cations, reactor engineering, fuel handling, and 
application of plant process computers. The integration of technical support 
with its specialist functions into the plant organization is important in order 
to support and ensure the safe operation of the nuclear power plant.

More information is in IAEA (2001a), IAEA (2002a), IAEA (2002b), 
IAEA (2003b) and IAEA (2011a).

23.7.1 Organization and functions

The goals and objectives of TS should be written and defi ned within the 
framework of plant policies and goals and be well understood by all person-
nel. In those it should be clear that nuclear safety has an overriding priority. 
Performance indicators should be established that encourage these expec-
tations and standards and are reported in periodic assessments.

The organization and administration of the technical support should 
ensure effective implementation and control of technical support activities. 
Effective implementation of the various technical support functions can be 
accomplished by having a separate section that is responsible for all such 
activities or by having various in-plant and off-site sections providing dif-
ferent support. Either method should be implemented with a well-defi ned 
organization and written assignment of responsibilities, but it should be 
clear that overall responsibility for safety remains with the owner of the 
plant. The interface between TS and other plant on-site and off-site groups 
should be clearly specifi ed. Good coordination between the TS, operations 
and maintenance groups is of utmost importance.

The responsibilities and authorities of the technical support personnel 
should be clearly defi ned and understood by all affected personnel. The 
organization, qualifi cations and number of technical support personnel 
should be suffi cient to accomplish assigned tasks contained in the technical 
support area. A system should be implemented to ensure that any person 
carrying out safety-related work should be suitably experienced and quali-
fi ed for that function whether they are plant based or from another 
organization.

Design changes should be made with a full understanding of all the 
design information for the plant and the specifi cations for each system and 
component. Both deterministic and probabilistic assessment approaches 
should be used to justify and evaluate the impact of the major plant design 
and/or operational practices changes. The assessment process should be 
sound and based on safety analyses of high quality and adequate scope. 
Periodic safety reviews should be performed on a regular basis. Safety 
reviews shall address in an appropriate manner the consequences of the 
cumulative effects of plant ageing and plant modifi cations, equipment 
requalifi cation, operating experience, current standards, technical develop-
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ments, and organizational and management issues as well as siting aspects. 
The scope of the safety review shall include all safety-related aspects of an 
operating plant. To complement deterministic safety assessment, probabil-
istic safety assessment (PSA) can be used for input to the safety review to 
provide insights into the contributions to safety of different safety-related 
aspects of the plant.

The necessary knowledge of the overall plant design should be retained 
in a form that is practically and easily available to the operating organiza-
tion over the full operating lifetime of the plant. This may be achieved by 
setting up a ‘design authority’, i.e. a design capability within the operating 
organization, or by having a formal external relationship with the original 
design organizations or their successors.

Plant management should clearly be committed to nuclear safety while 
providing technical support services. The integration of knowledge of the 
human factors into the routine day-to-day safety work, for example in the 
planning and implementation of a major plant modifi cation or in the inves-
tigation of an incident, may provide a fruitful means of improving safety 
performance. Leadership and coaching should contribute to the improve-
ment of safety performance. Line management should be accountable for 
the training and qualifi cation of their personnel.

More information is in IAEA (2001a), IAEA (2001b), IAEA (2002a), 
IAEA (2002b), IAEA (2010c), IAEA (2010d), IAEA (2010e) and IAEA 
(2011a).

23.7.2 Surveillance programme

A comprehensive and adequately documented surveillance programme 
should be established and implemented to confi rm that provisions for safe 
operation that were made in the design and checked during construction 
and commissioning continue to exist during the life of the plant. At the 
same time, the programme should confi rm that safety margins are adequate 
and provide a high tolerance for anticipated operational occurrences, errors 
and malfunctions.

A surveillance test programme should verify that the plant systems and 
components relevant to safety are continuously ready to operate and are 
able to perform their safety functions as designed. Such a surveillance test 
programme should also detect ageing trends to prevent potential long-term 
degradation.

In addition a surveillance programme should detect and correct any 
anomalous condition before it signifi cantly affects safety. The anomalous 
conditions which are of concern to the surveillance programme should 
include not only failures or defi ciencies but also trends, analysis of which 
may indicate that the plant is deviating from the design intent.
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The surveillance programme should be clearly documented and cross-
referenced to the operating limits and conditions and safety analyses. The 
surveillance procedures should specify surveillance requirements and iden-
tify acceptance criteria, persons responsible for performance of surveillance 
activities and periodicity of each surveillance activity.

The surveillance programme should be modifi ed if necessary in accord-
ance with the evaluation of the data generated during surveillance and 
re-evaluation of the safety analysis report. The established frequency and 
extent of surveillance should be periodically re-evaluated to establish that 
they are effective in maintaining the systems, structures and components in 
an operational state.

More information is in IAEA (2002b) and IAEA (2011a).

23.7.3 Plant modifi cation system

An overall plant modifi cation programme should encompass all intended 
changes of structures, systems, components and process software of power 
plant, operational limits and conditions, instructions and procedures.

The design authority, or a responsible designer in its assigned area, should 
review, verify and approve (or reject) design changes to the plant. Design 
changes include fi eld changes, modifi cations and the acceptance of non-
conforming items for repair or use without modifi cation.

A plant modifi cation programme for permanent and temporary modifi ca-
tions should be established to ensure proper design, review, control, imple-
mentation and documentation of plant design changes in a timely manner. 
All changes requested should be reviewed, controlled, installed, tested and 
documented according to plant safety rules and procedures. The plant safety 
level after a modifi cation should be within the design basis for the plant.

This programme should ensure that the safety signifi cance of a modifi ca-
tion is adequately assessed before implementation and that its impact on 
reliability and design confi guration is also considered.

The plant modifi cation programme should be integrated into the overall 
plant confi guration management system that identifi es documented design 
requirements, ensures the design is properly implemented, and controls 
plant changes throughout the life of the plant.

More information is in IAEA (2001a) and IAEA (2011a).

23.7.4 Reactor core management (reactor engineering)

Reactor core management should ensure the safe and optimum operation 
of the reactor core without compromising any OLCs based on design, safety 
or nuclear fuel limits. Maximum effort and priority should be assigned to 
maintaining fuel integrity. The core management programme should also 
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provide tools to control core management and ensure that only approved 
fuel is loaded into the core.

The core management programme should include appropriate numerical 
methods and techniques to predict reactor behaviour during operation so 
as to ensure that the reactor will be operated within OLCs. The core param-
eters should be monitored, trended and evaluated in order to detect abnor-
mal behaviour and ensure that actual core performance is consistent with 
core design requirements. To ensure that fuel cladding integrity is main-
tained under all core operating conditions, radiochemistry data that are 
indicative of fuel cladding integrity should be systematically monitored and 
analysed for trends. An adequate fuel failure contingency plan or policy 
should be established and implemented to ensure that corrective actions 
for failed fuel are taken.

A core management programme should also include the surveillance 
activities for the early detection of any deterioration that could result in an 
unsafe condition in the reactor core. The personnel involved in the core 
management should be well qualifi ed, have clear responsibilities and 
authorities and be readily available to support plant operations during all 
modes of operation.

More information is in IAEA (2002a) and IAEA (2011a).

23.7.5 Handling of fuel and core components

The handling programme for fuel and other core components should 
provide measures to prevent damage to the nuclear fuel and to prevent 
inadvertent criticality and loss of appropriate cooling when fuel assemblies 
are being transported, stored or manipulated. For purposes of radiological 
protection, precautions to be taken in handling unloaded fuel, core compo-
nents and materials and any disassembly operations should be specifi ed in 
the procedures. The handling programme should also ensure that all pro-
cedures and controls adequately refl ect radiation protection requirements 
and plant policies for ALARA considerations (see Section 23.6.4).

The comprehensive fuel handling programme should include receipt, 
transfer, inspection and storage of nuclear fuel. Fuel handling planning 
should accomplish fuel loading and unloading safely in accordance with a 
core management programme as well as safe storage, handling and prepara-
tion for dispatch of the irradiated fuel. Fuel elements should be traced by 
means of an appropriate system to maintain a thorough fuel inventory and 
history. Each core component should be adequately identifi ed and a record 
should be kept of its core location, orientation within the core, out-of-core 
storage position and other pertinent information so that an irradiation 
history of the component is available.

More information is in IAEA (2002a) and IAEA (2011a).
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23.7.6 Computer-based systems important to safety

A programme for utilization of computer-based systems should be estab-
lished and implemented to support and verify the safe operation of the 
plant. Utilization of computer-based systems may vary greatly between dif-
ferent plants. The programme for utilization should therefore clearly defi ne 
the categorization of the applications in terms of their safety signifi cance. 
This section of the guidelines refers (if not stated specifi cally) to both safety 
systems and safety-related systems.

Organizational responsibilities for computer-based applications should 
be well defi ned and meet the needs for ensuring safe plant operation. This 
includes well-organized documentation and provisions for emergency 
recovery of failed software applications.

To ensure the appropriate operation of different computer-based systems 
according to their design functions, a relevant section should be established 
in the quality assurance programme.

More information is in IAEA (2004) and IAEA (2011a).

23.8 Operational experience feedback (OEF)

Operating experience feedback (OEF) is a key element in maintaining and 
improving the safety of nuclear installations operations. The International 
Reporting System ((IRS) as a worldwide system is designed to complement 
national schemes in this regard. Information reported is assessed, analysed 
and fed back to operators for their use in preventing similar occurrences. 
The ultimate objective is to enhance the safety of nuclear facilities by reduc-
ing the frequency and severity of safety-signifi cant events at nuclear facili-
ties worldwide. Nevertheless international OEF is an area where the nuclear 
industry should have more effi cient programmes. Safety-related events con-
tinue to happen and subsequent analysis reveals that there had been similar 
events in the past at other facilities, and/or that precursors or latent root 
causes of the event at the given facility had been in existence but had not 
been dealt with effi ciently.

A well-implemented operational experience (OE) programme is charac-
terized by the following features:

• Management aligns the organization to effectively implement the OE 
programme in order that plant safety and reliability are improved.

• OE is reported in a timely manner to reduce the potential for recurring 
events in-house and in the industry.

• Sources of OE are considered in the OE programme to improve plant 
safety and reliability from the lessons learned.
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• OE information is appropriately screened to select and prioritize those 
items requiring further investigation.

• Analysis is performed on appropriate events, depending on their sever-
ity or frequency, to ensure root causes and corrective actions are 
identifi ed.

• Corrective actions are defi ned, prioritized, scheduled and followed up 
to ensure effective implementation and effective improvement of plant 
safety and reliability.

• OE information is used throughout the plant to effectively improve 
plant safety and reliability.

• OE information is analysed and trended, and the results are used to 
improve plant safety and reliability.

• Assessments and indicators are effectively used to review and monitor 
the plant performance and the effectiveness of the OE programme.

More information is in IAEA (2006b), IAEA (2008b) and IAEA (2011a).

23.8.1 Management, organization and functions 
of the OE programme

A programme of OE should be in place, covering all areas of the OE feed-
back process. Effective use of OE is part of the safety culture. Management 
is committed and involved in promoting and reinforcing the use of OE to 
improve plant safety and reliability. Policy, goals, objectives and manage-
ment expectations are clearly defi ned and communicated. The programme 
is developed in procedures for the management of the internal OE, includ-
ing low-level events and near misses, external OE, periodic assessment of 
OE activities and programme review.

Duties, responsibilities, authorities and lines of communication within the 
plant organization are clearly defi ned and understood. Duties, responsibili-
ties, authorities, lines of communication and interfaces of corporate organi-
zations as well as other external organizations in the OE process are clearly 
defi ned and understood. Tools such as methods, criteria and appropriate 
training are provided to perform the tasks of the OE feedback process. 
Adequate resources are allocated for the OE programme including coor-
dination. A group is identifi ed to manage the process.

Active participation in OE activities is implemented throughout the plant 
in a blame-free atmosphere. Supervisors and managers actively reinforce 
effective use of OE information by personnel.

Personnel are held accountable for effective analysis and timely imple-
mentation of lessons learned from OE information. Comprehensive moni-
toring of the tasks carried out in the OE process is performed for compliance 
with the targets defi ned.

�� �� �� �� ��



812 Infrastructure and methodologies for justifi cation of NPPs

Published by Woodhead Publishing Limited, 2012

The effectiveness of the OE process is monitored regularly. A clear feed-
back process exists in which the results of the monitoring are transmitted 
to the responsible groups affected by the results.

More information is in IAEA (2004) and IAEA (2011a).

23.8.2 Reporting of operating experience

OE is identifi ed and reported in a timely manner according to well-
established criteria and procedures. Problem identifi cation and reporting is 
strongly encouraged and reinforced at all levels in the organization.

Signifi cant events, minor events, low-level events, near misses and poten-
tial problems are identifi ed and reported, including equipment failures, 
human performance problems, procedure defi ciencies and documentation 
inconsistencies.

Dissemination of OE to plant personnel and dissemination of signifi cant 
experience to other nuclear power plants are promptly performed.

More information is in IAEA (2004) and IAEA (2011a).

23.8.3 Sources of operating experience

Sources of industry operating information are identifi ed, and access to these 
sources is formally established and systematically screened. These sources 
include organizations (IAEA, NEA, WANO, INPO, national Regulatory 
Body, owners’ groups, vendors and manufacturers, engineering designer) 
and publications (IRS, SER, SOER; national Regulatory Body generic 
letters, bulletins, notices; vendors, manufacturers and engineering designer 
problem information; utilities and industry event reports). Sources of OE 
include good practices as a source of improvement.

The International Reporting System (IRS) for operating experience is an 
international system jointly operated by IAEA and NEA, through which 
31 participating countries exchange experience to improve the safety of 
nuclear power plants by submitting event reports on unusual events con-
sidered important for safety. More than 3500 reports are in the IRS. In 
addition the periodic reports are published every three years. These reports 
highlight important lessons learned based on a review of the approximately 
200 event reports received from the participating countries over a period 
of three years (see IAEA/NEA, 2010b).

Sources of in-house OE are identifi ed, and information from and access 
to these sources are formally established and systematically screened. These 
sources include areas such as signifi cant events, low-level events and near 
misses, quality reports, reports and data from operation activities, mainte-
nance testing and in-service inspection, surveillance reports, results from 
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plant-specifi c safety assessments, training feedback, no-blame reporting 
programme, and performance indicators.

More information is in IAEA (2004) and IAEA (2011a).

23.8.4 Screening of operating experience information

OE information is appropriately screened, to select and prioritize the infor-
mation for further investigation. Screening criteria for in-house and indus-
try OE are clearly established and the criteria for the subsequent level of 
investigation and distribution are defi ned.

The screening is performed in a systematic and timely manner. The 
sources for screening and their corresponding frequency of screening are 
defi ned. Screening is performed by individuals with a broad knowledge of 
plant operations or by a multidisciplinary group.

More information is in IAEA (2004) and IAEA (2011a).

23.8.5 Analysis

Analysis is performed on the selected events in accordance with their level 
of safety signifi cance, severity and frequency to ensure that root causes and 
corrective actions are identifi ed. Criteria for performing a full root-cause 
analysis, a simplifi ed analysis, and a trending analysis are clearly defi ned in 
the OE programme, and procedures are developed.

For signifi cant in-house events, including scrams, plant transients and 
important human performance and equipment problems, a rigorous inves-
tigation with full root-cause analysis is performed, including causal factors, 
generic implications, and discrepancies between expected and actual plant 
responses and/or personnel actions.

For low-level events and near misses, minor events, no-consequence 
events or any other likely useful error information and potential problems, 
the level of analysis required is clearly defi ned such that generic implica-
tions, precursors of declining performance and root causes of adverse trends 
can be identifi ed. Determination of corrective actions allows the correction 
of latent weaknesses and the prevention of recurrence.

Personnel who have appropriate knowledge, experience and skills 
perform investigations and analysis. Event participants are involved in 
developing and implementing corrective actions, as necessary.

Investigation of events is initiated promptly to preserve information 
and physical evidence and to interview participants while the events 
are fresh in their memories. Investigations are carried out in a timely 
manner.

Investigation and analysis take account of previous similar events and 
precursors from both internal and external sources. Investigations and 
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analysis are subject to objective review to ensure that root causes have been 
identifi ed, which are then addressed by effective corrective actions.

More information is in IAEA (2004) and IAEA (2011a).

23.8.6 Corrective actions

The results of OE reviews and analysis are used to identify corrective 
actions. Corrective actions address fundamental causes of problems, rather 
than the symptoms, to avoid recurrence of events.

Corrective actions are prioritized, scheduled for implementation, and 
effectively implemented. Dates for actions are commensurate with the 
importance of the item, station priorities, and the consideration of prevent-
ing the recurrence. Operating shift crews are promptly briefed on events 
and compensatory measures are taken to prevent recurrence.

Corrective actions are tracked for completion to verify their implementa-
tion. The status and effectiveness of corrective actions are periodically 
reviewed. Management receives feedback on the review results.

More information is in IAEA (2004) and IAEA (2011a).

23.8.7 Use of operating experience (OE)

OE information is used throughout the station. Personnel are aware of 
management expectations to use OE information. OE information is easily 
accessible to station personnel. Personnel are aware and knowledgeable on 
how to access it.

Use of OE in personnel work activities (i.e. pre-job briefi ngs and pre-
evolution briefi ngs, work planning, shift briefi ngs, etc.) is carried out to 
remind the personnel involved of lessons learned and precautions from OE, 
to enhance the personnel alertness and to reduce risks.

OE information is used in training. It is compiled in training modules for 
operators’ simulator training and in training of plant personnel in other 
areas.

More information is in IAEA (2004) and IAEA (2011a).

23.8.8 Database and trending of operating experience

Databases related to events, defi ciencies, anomalies and deviations are 
established to facilitate an integral view and analysis of OE from the point 
of view of organizational aspects, human factors, equipment failures, work 
management and maintenance deviation reports. For signifi cant events, low-
level events (minor events) and near misses (non-consequential events, 
potential problems), database trending system representations (trending 
parameters) are established to provide transparent data presentation that 
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facilitates diagnosis of monitored performance, identifi cation of patterns, 
identifi cation of abnormal trends, identifi cation of recurrences, quick plant 
management overview and action focus. Trend analysis is carried out on a 
regular basis and the results of analysis are reported to management. 
Actions are taken to correct identifi ed adverse trends with potential for 
undesirable consequences.

More information is in IAEA (2004) and IAEA (2011a).

23.8.9 Assessments and indicators of operating experience

Self-assessments and independent evaluation are periodically performed to 
determine the effectiveness of the OE programme and the effective use of 
OE information. Self-assessment evaluates all steps of the OE process. 
Management receives feedback on the self-assessment results. The results 
of self-assessment are used to identify weaknesses in the OE programme 
and to make the necessary improvements.

Indicators are used to monitor the safety performance of the plant. The 
trends of indicators are evaluated during self-assessment. Examples of these 
indicators are recurrent unavailability of safety systems, industrial safety 
events, reactor scrams, volume of low-level waste, and radiation doses.

Indicators are used to track the effectiveness of the OE programme. 
Examples of these indicators are average time for initial screening of OE 
documents, number and age of reports awaiting evaluation, number and age 
of corrective actions awaiting implementation, recurrent events and root 
causes, reworks, and the ratio of events detected through surveillance and 
quality programmes versus operational failures or degradation in service.

Benchmarking with industry indicators is performed and results of the 
comparison are considered to determine opportunities for improvement.

More information is in IAEA (2004) and IAEA (2011a).

23.9 Radiation protection

The operating organization shall establish and implement a radiation pro-
tection programme. The radiation protection (RP) function in the operating 
organization shall have suffi cient independence and resources to be able to 
enforce and to advise on the radiation protection programme. The radiation 
protection regime established and implemented by the operating organiza-
tion at a nuclear power plant should ensure that in all operational states 
doses due to exposure to ionizing radiation in the plant or due to any 
planned releases of radioactive material from the plant are kept below 
prescribed limits and ALARA. Controls for RP during operation of the 
plant, including the management of radioactive effl uents and waste arising 
in the plant, should be directed not only to protecting workers and members 
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of the public from radiation exposure, but also to preventing or reducing 
potential exposures and mitigating their potential consequences.

More information is in IAEA (1996), IAEA (1999a), IAEA (1999b), 
IAEA (1999c) IAEA (2002c), IAEA (2006e) and IAEA (2011a).

23.9.1 Organization and functions

The RP goals and objectives should be clearly defi ned in the safety policies 
of the operating organization and communicated to the personnel and the 
management of the power plant. To achieve these goals and objectives, a 
well-structured RP programme should be established and implemented. 
The programme should be documented in the plant policies and procedures 
and shall meet the requirements of the International Basic Safety Standards 
for Protection against Ionizing Radiation and for the Safety of Radiation 
Sources (BSS). The management should ensure that the RP policies and 
procedures are well understood by the plant’s personnel. The RP pro-
gramme should be clearly oriented to the achievement of a level of perfor-
mance in RP that is well above minimum regulatory requirements.

Effective implementation of the RP programme should be supported by 
establishing written procedures requiring high performance in RP, periodi-
cally monitoring and assessing performance, and holding personnel account-
able for their performance. Performance indicators should be established 
that encourage the management expectations and standards and are 
reported in periodic assessments.

The RP function in the operating organization shall have suffi cient inde-
pendence and resources to enforce and give advice on RP regulations, 
standards and procedures and safe working practices. Suffi cient staff, equip-
ment and funding should be provided to successfully implement the RP 
programme. An independent radiation protection group should be estab-
lished, which has the authority to enforce RP regulations, standards, proce-
dures, safe working practices and appropriate health physics surveillance. 
Succession planning should be an established practice in the RP group. The 
RP manager at the plant should have direct access to the plant’s manager 
on the matters relating to the radiation protection. The RP organization 
should be well defi ned and understood, including the interfaces with other 
plant groups.

All levels of management and workers should be committed to RP 
requirements and safe work practices within their level of responsibility. 
The RP group as well as the workers and management should be trained 
and qualifi ed in RP issues to a level appropriate to their responsibilities. All 
personnel of the plant should be aware of radiological hazards and of neces-
sary protective measures.
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The RP programme shall provide for health surveillance of site personnel 
who may be occupationally exposed to radiation to ascertain their physical 
fi tness and to give advice in cases of accidental overexposure.

The operating organization shall verify, by means of surveillance, inspec-
tions and audits, that the RP programme is being correctly implemented 
and that its objectives are being met, and shall undertake corrective actions 
if necessary. The programme shall be reviewed and updated in the light of 
experience.

The principal objective of incorporating QA principles into RP should 
be to improve safety by establishing confi dence in the results of RP. 
Additional benefi ts should be the strengthening of effi ciency and effective-
ness by establishing a system for improving RP based on the use of relevant 
experience (lessons learned), the identifi cation and prompt correction of 
defi ciencies, and the monitoring of performance.

More information is in IAEA (1996), IAEA (1999a), IAEA (1999b), 
IAEA (1999c), IAEA (2002c), IAEA (2006e) and IAEA (2011a).

23.9.2 Radiation work control

Exposure to sources of external and internal radiation at nuclear power 
plants should be reduced to such dose levels that are as low as reasonably 
achievable (ALARA). This principle should apply both to individual and 
to collective doses. The responsibility for optimizing occupational exposure 
should rest both with management of different levels and with the RP 
group. Work in controlled areas should be authorized in accordance with 
appropriate procedures. Control of all entrances to and exits from radio-
logical areas should be established and maintained. A programme for moni-
toring of radiological conditions should be established for designated areas.

More information is in IAEA (1996), IAEA (1999a), IAEA (1999b), 
IAEA (1999c), IAEA (2002c), IAEA (2006e) and IAEA (2011a).

23.9.3 Control of occupational exposure

The occupational exposure at the power plant should be so controlled that 
the dose limits recommended by the International Commission on 
Radiological Protection (ICRP) and required by the IAEA Safety Standards 
are not exceeded. These limits shall be transported to the national regula-
tions. The optimization of protection and safety measures, or the application 
of the ALARA principle (to keep doses as low as reasonably achievable, 
economic and social factors being taken into account), should be carried 
out. In examining working procedures and activities, the reduction of doses 
should be given the highest priority. A hierarchy of control measures should 
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be taken into account in optimization. Firstly, removal or reduction in 
intensity of the source of radiation should be considered. Only after this 
has been done should the use of engineering means to reduce doses be 
considered. The use of systems of work should then be considered and, 
lastly, the use of personal protective equipment.

Dose monitoring of individuals and management of dose records should 
comply with requirements established by the regulatory authority and 
should be consistent with the applicable recommendations of ICRP and 
IAEA. Exposures related to working in controlled areas should be indi-
vidually monitored and recorded in order to ensure that the ALARA 
principle is met and that regulatory limits are not exceeded. In situations 
where signifi cant concentrations of airborne activity are anticipated, appro-
priate internal dosimetry should be available, including whole-body 
counters. Provisions for indirect monitoring as an additional method for 
evaluating internal exposure should exist.

More information is in IAEA (1996), IAEA (1999a), IAEA (1999b), 
IAEA (1999c), IAEA (2002c), IAEA (2006e) and IAEA (2011a).

23.9.4 Radiation protection instrumentation, protective 
clothing and facilities

Adequate radiological instrumentation, protective clothing, facilities and 
equipment for both normal and emergency situations should be provided 
as part of the RP programme. The equipment and devices used to obtain 
radiological measurements and doses should be calibrated, maintained and 
used so that results are accurately determined. An adequate quantity of 
protective equipment and clothing should be available.

More information is in IAEA (1996), IAEA (2002c) and IAEA (2011a).

23.9.5 Radioactive waste management and discharges

The generation of radioactive waste should be kept to the minimum prac-
ticable in terms of both activity and volume, by appropriate operating 
practices. The operating organization should establish and implement a 
programme to safely manage radioactive waste and monitor and control 
discharges of radioactive effl uents. The operating organization should 
perform a safety analysis for radioactive discharges, which demonstrates 
that the assessed radiological impacts and doses to the general public are 
kept as low as reasonably achievable. Any authorized discharge limits 
should be included in the OLCs. Radioactive waste and effl uent releases 
should be documented as required and an environmental monitoring pro-
gramme should be in place.
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More information is in IAEA (2002c), IAEA (2005b), IAEA (2006e) and 
IAEA (2011a).

23.9.6 Radiation protection support during emergencies

The programme for RP support during emergencies should be comprehen-
sive and serve the purpose of optimizing both worker exposure and the 
exposure of the general public to the extent consistent with emergency 
conditions.

Procedures and qualifi ed personnel should be in place to provide techni-
cal and operational support during emergency interventions. Periodic train-
ing and practical exercises should be undertaken to ensure an effective 
response in the event of an emergency.

More information is in IAEA (2000c), IAEA (2002e) and IAEA (2011a).

23.10 Chemistry

Chemistry involves activities of chemical treatment to maintain the integ-
rity of the barriers retaining radioactivity, including fuel cladding and 
primary circuit. The chemistry activities have a direct impact in limiting all 
kinds of corrosion processes causing either direct breach of safety barriers 
or weakening of them so that failure could occur during a transient.

In addition the chemical treatment includes consideration of its effects 
on the out-of-core radiation fi elds that in turn infl uence radiation doses to 
which the workers are exposed. Plant radiochemistry is included in the 
chemistry considerations for the purpose of this chapter.

More information is in IAEA (2011a) and IAEA (2011b).

23.10.1 Organization and functions

The operating organization should establish a chemistry policy for the 
nuclear power plant. The policy should state the goals and objectives of the 
chemistry programme and the expectations of the management concerning 
the implementation of this programme at the plant. Performance indicators 
should be established that encourage these expectations and are reported 
in periodic assessments.

A specifi c chemistry group should be established at the plant to imple-
ment the chemistry control programme. The organization of the chemistry 
group should contribute to safe operation, defi ne responsibilities and estab-
lish lines of communication inside and outside the group. The position of 
this group in the organization should refl ect its relevance. The interfaces 
between the chemistry group and other groups should be clearly specifi ed, 
especially as regards allocation of authorities. The chemistry group should 
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be consulted when issues affecting chemistry are being addressed. The 
qualifi cations and number of chemistry personnel should be suffi cient for 
assigned responsibilities and to support all plant operations. Succession 
planning should be an established practice in the chemistry group.

The chemistry group’s expectations, goals and objectives should be 
derived from the plant policies and objectives and defi ned in line with 
vendor recommendations and international good practice. They should be 
well understood by the chemistry personnel.

The monitoring of the chemistry group’s performance and its programmes 
should include self-assessment of managerial processes and work 
performance.

More information is in IAEA (2011a) and IAEA (2011b).

23.10.2 Chemistry control in plant systems

The plant should have established and implemented a comprehensive 
chemistry control programme. This programme should be implemented by 
clear procedures and monitored by adequate performance indicators. The 
plant staff concerned should have a good understanding of the programme, 
procedures and indicators.

The chemical treatment should take into account plant material concept, 
and any change in plant material concept should be evaluated by the chem-
istry group.

The generation and transport of radioactive products within the primary 
system should be understood, controlled and minimized.

Some results of the chemistry analyses are issued through computer 
software. Checks should be made that this software is kept up-to-date.

Chemical treatments should be optimized with respect to environmental 
and radwaste aspects. There should be a written concept of such optimiza-
tion along with procedures to support implementation of this concept.

More information is in IAEA (2011a) and IAEA (2011b).

23.10.3 Chemistry surveillance programme

The chemistry surveillance programme should include the monitoring, sam-
pling and trending of chemistry and radiochemistry parameters at specifi ed 
frequencies to ensure the timely detection and correction of abnormal or 
unacceptable trends and conditions. The chemistry surveillance programme 
should refl ect chemistry specifi cations for all phases of plant operation, 
including shutdown periods and when systems are taken out of operation 
for prolonged periods.

Procedures for analysis and measurement should be available and well 
understood by the personnel of the chemistry group. Personnel doing the 
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analysis should be technically qualifi ed and their performance periodically 
assessed. Analysis techniques should be appropriate and safe and evaluated 
results should be transmitted in a timely manner to the appropriate opera-
tional personnel. The chemistry data should be constantly evaluated to 
identify chemistry control problems and analytical errors and to remove 
the defi ciencies.

Checks should be made that the responsibilities for QA are defi ned and 
the QA programme is implemented and evaluated.

More information is in IAEA (2011a) and IAEA (2011b).

23.10.4 Chemistry operational history

The results of analysis and investigations must be adequately trended, eval-
uated and reported. Records should be available and easily retrievable. 
Lessons and experiences from previous events and history, including from 
other plants, should be considered in the plant chemistry.

More information is in IAEA (2011a) and IAEA (2011b).

23.10.5 Laboratories, equipment and instruments

The laboratories should have adequate space, supplies and equipment. The 
sampling systems should be reliable and safe for use, including post accident 
sampling systems. Necessary and adequate instruments for performing the 
analysis should be available and calibrated.

More information is in IAEA (2011a) and IAEA (2011b).

23.10.6 Quality control of operational chemicals and 
other substances

The purity and nature of chemicals and other substances that might have 
an impact on safety-related systems should be specifi ed and controlled. 
Before being used the specifi ed values should be verifi ed by certifi cation or 
by chemical analysis.

More information is in IAEA (2011a) and IAEA (2011b).

23.11 Emergency planning and preparedness

Emergency preparedness is the ability to take actions that will effectively 
mitigate the consequences of an emergency for human health and safety, 
quality of life, property and the environment. This section refers to emer-
gency planning and preparedness both on site (operator responsibility) and 
off site (mostly local and state authorities’ responsibility).
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The practical goals of emergency response in a nuclear or radiological 
emergency are:

• To regain control of the situation
• To prevent or mitigate consequences at the site
• To prevent the occurrence of deterministic health effects in workers and 

the public
• To render fi rst aid and manage the treatment of radiation injuries
• To prevent, to the extent practicable, the occurrence of stochastic health 

effects in the population
• To prevent, to the extent practicable, the occurrence of adverse non-

radiological effects on individuals and among the population
• To protect, to the extent practicable, the environment and property
• To prepare, to the extent practicable, for the resumption of normal social 

and economic activity.

The goals of emergency response are most likely to be achieved by having 
a sound programme for emergency preparedness in place as part of the 
infrastructure for protection and safety. The practical goal of emergency 
preparedness is to ensure that arrangements are in place for a timely, 
managed, controlled, coordinated and effective response both on site and 
off site (at the local, regional, national and international levels) to an 
emergency.

For that purpose, an emergency preparedness programme is necessary 
that includes national, local and on-site response organizations. In a con-
solidated approach, the elements to be evaluated may be addressed by the 
operator, the local authorities or the national authorities, or by a combina-
tion thereof, so long as the arrangements are well coordinated. Weaknesses 
at one level could be compensated at another.

More information is in IAEA (2002e), IAEA (2007) and IAEA 
(2011a).

23.11.1 Emergency programme

Arrangements including clearly assigned authorities and responsibilities, 
organization, coordination, personnel, plans, procedures, facilities, equip-
ment and training should be in place to provide reasonable assurance of an 
effective response in the case of any nuclear or radiological emergency at 
the site that meets the practical goals of emergency response.

An effective administrative framework should be available for the plan-
ning, implementation, coordination and control of emergency preparedness 
activities. This framework should be well documented, defi ning responsibili-
ties and authorities, and should consider appropriately the requirements of 
the regulatory authority.
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The operating organization’s policy should ensure that all emergency 
preparedness activities at the plant are properly organized and are inte-
grated with those of the operating organization’s headquarters, the relevant 
emergency services and the local and national authorities, with due consid-
eration to interface implications. Authorities and responsibilities should be 
well established and clear among all organizations involved.

The organization should ensure that adequate human and fi nancial 
resources are allocated, that critical response functions are covered and that 
the state of preparedness is properly maintained, regularly tested and 
updated. All emergency planning and preparedness activities should be 
properly covered by the QA programme.

A close and cooperative relationship should be maintained between on- 
and off-site response organizations.

The response organizations periodically should conduct a review in order 
to ensure that all the events (including those of very low probability) that 
could necessitate an emergency response are addressed by the emergency 
arrangements. This includes a review and appropriate revision of the emer-
gency arrangements before any revisions to existing operations or new 
operations are commenced on the site or nearby that may result in events 
warranting an emergency response.

More information is in IAEA (2002e), IAEA (2007) and IAEA (2011a).

23.11.2 Response functions

The emergency preparedness arrangements in place should provide for 
reasonable assurance that the response functions discussed in this section 
can be performed effectively during an emergency.

More information is in IAEA (2002e), IAEA (2007) and IAEA (2011a).

23.11.3 Emergency plans and organization

Approved emergency plans should clearly allocate responsibilities and 
provide a basis for development of procedures, training and other arrange-
ments that provide for a coordinated response by the operating organiza-
tion and other authorities.

The emergency plans should include arrangements for emergencies 
involving a combination of non-nuclear and nuclear hazards and response 
of conventional response organizations such as law enforcement. These 
plans should be reviewed regularly taking into consideration the feedback 
from drills and exercises and to consider any revisions to facility operations, 
terrorist threat situations, or activities/conditions in the area that may 
impact on the potential emergencies to be addressed or the response.

More information is in IAEA (2002e), IAEA (2007) and IAEA (2011a).
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23.11.4 Emergency procedures

Procedures and analytical tools should be available and validated and 
should provide detailed guidance for the rapid and effective implementa-
tion of the response functions mentioned in Section 23.11.2. On-site proce-
dures should be linked with the plant document and records management 
system.

More information is in IAEA (2002e), IAEA (2007) and IAEA (2011a).

23.11.5 Emergency response facilities

Facilities should be provided for adequate on-site and off-site emergency 
response with appropriate communications and equipment that can be 
brought into operation without delay in the event of an emergency. These 
should include centres from which the on-site and off-site emergency 
response can be managed, as well as means for assessment of the plant 
status and radiological conditions and for implementation of any necessary 
response actions or protective measures. In addition, special facilities for 
the protection of the personnel and the public, e.g. gathering points and 
medical centres, should be available.

More information is in IAEA (2002e), IAEA (2007) and IAEA (2011a).

23.11.6 Emergency equipment and resources

Adequate emergency equipment and resources, communication systems, 
documentation (such as procedures, checklists, telephone numbers and 
manuals) should be available where needed to properly initiate and support 
the emergency response actions described in Section 23.11.4. Necessary 
data transfer and communication should also be available.

Instruments, tools, equipment, documentation and communication 
systems to be used in emergencies should be appropriate and maintained 
in good operating condition, in such a manner that they are unlikely to be 
made unavailable by the postulated emergency and environmental condi-
tions. Equipment, communications, vehicles, etc., should be regularly 
checked and tested.

More information is in IAEA (2002e), IAEA (2007) and IAEA (2011a).

23.11.7 Training, drills and exercises

A comprehensive, documented training programme should be provided for 
developing and maintaining the necessary knowledge, skills and physical 
ability required for all persons having duties under the emergency plans, to 
enable them to respond correctly and effi ciently in the event of an emer-
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gency. A programme should also be provided for general employee training 
of on-site personnel. Similar training, or at least a well-structured informa-
tion briefi ng, should be provided to plant visitors.

A programme of periodic drills and exercises should be set up to rein-
force the training and assess the effectiveness of the emergency response 
capability. The programme should include periodic, comprehensive and 
integrated on-site and off-site exercises aimed at assessing the coordinated 
response of all emergency response organizations and should include evalu-
ation of exercises for experience feedback.

More information is in IAEA (2002e), IAEA (2007) and IAEA (2011a).

23.11.8 Quality assurance

A quality assurance and maintenance programme should be in place that 
ensures a high degree of availability and reliability of all plans, procedures, 
supplies, equipment, communication systems and facilities necessary to 
perform the specifi ed functions in an emergency.

More information is in IAEA (2002b), IAEA (2002e) and IAEA (2011a).

23.12 Operational Safety Review Team (OSART)

The Operational Safety Review Team (OSART) is one of the more promi-
nent IAEA efforts that help countries to achieve higher levels of safety. The 
OSART programme is the main approach to providing for better and wider 
application of the safety standards. The primary function of the OSART 
programme is to assess the activities of and provide advice to the host plant 
on the basis of the IAEA’s safety standards and to introduce the OSART 
methodology for the host plant to establish or improve its own self-assess-
ment programme.

The OSART programme broadly covers nine operational areas: manage-
ment, organization and administration; training and qualifi cation; opera-
tions; maintenance; technical support; operating experience; radiation 
protection; chemistry; and emergency planning and preparedness. A recent 
enhancement of the OSART review is the addition of new optional modules 
concerning the transition from operation to decommissioning, accident 
management, long-term operation and application of probabilistic safety 
assessment.

In OSART missions, the IAEA coordinates internationally based teams 
of experts who conduct reviews of operational safety performance at 
nuclear power plants. The reach of OSART is expansive: to date, OSARTs 
have visited every major type of nuclear reactor, and over 160 reviews have 
been conducted since the programme’s inception in 1982. NPPs are in 
operation in 29 countries. The share of electricity production is shown in 
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Fig. 23.4. With the accumulation of its results, OSART has also been greatly 
appreciated for providing the opportunity for mutual learning and sharing 
of knowledge and experience, such as good practices and lessons learned, 
among team members who are drawn from different Member States and 
host plant personnel.

The OSART review is a process that begins with a request from a country 
for a safety review, and can occur in three stages. A preparatory visit is 
conducted about 12 months before the safety review mission. The main goal 
is to make all necessary arrangements and help the plant for mission 
preparation.

Safety review missions consist of a regular OSART mission, offering an 
in-depth assessment of operational safety. Human performance issues and 
recognized operational issues are assessed in an integrated way. These 
regular OSART missions are concluded by follow-up visits, which take 
place approximately 12–18 months after an OSART mission. The follow-up 
provides an independent assessment of progress in the resolution of issues 
identifi ed in the OSART mission.

In addition, pre-OSART missions are conducted during the construction 
and commissioning phase of a plant’s life. These missions help ensure effec-
tive preparations for commissioning and operations.

Once the IAEA receives the review request, it begins to assemble a team 
of 10–12 experts to undertake the mission. The team is comprised of special-
ists from around the globe who have senior-level nuclear operator experi-
ence, and each team member is assigned an area of focus during the mission.

The bulk of the work for a regular OSART is carried out during an 
intense three weeks of review at the plant, whereby OSART mission staff 
conduct interviews with plant staff, observe plant workers, and analyse 
documents related to plant operation.

Rather than examining the plant’s physical design, OSART team members 
are tasked with studying the operation of the plant and the performance of 
the plant’s management and staff. OSART focuses more on the human 
aspect of a nuclear plant rather than the technology behind its operation.

OSART reviews are based wholly upon IAEA Safety Standards, which 
are established to give guidance to Member States on the many aspects of 
the safety of nuclear installations.

All necessary details are described in OSART Guidelines (IAEA, 2005a).

23.13 Sources of further information and advice

The International Atomic Energy Agency, in addition to its Safety Standards, 
produces many different types of publications relevant to operational 
safety. They are available on the IAEA website at http://www.iaea.org/
publications/.
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The Nuclear Energy Agency (NEA) is a specialized agency within the 
Organization for Economic Co-operation and Development (OECD), 
www.oecd-nea.org. The mission of the NEA is to assist its Member Countries 
in maintaining and further developing, through international cooperation, 
the scientifi c, technological and legal bases required for the safe, environ-
mentally friendly and economical use of nuclear energy for peaceful pur-
poses. To achieve this, the NEA works as a forum for sharing information 
and experience and promoting international cooperation, a centre of excel-
lence which helps Member Countries to pool and maintain their technical 
expertise, and a vehicle for facilitating policy analyses and developing con-
sensus based on its technical work. In the area of nuclear safety the main 
goal is to assist Member Countries in ensuring high standards of safety in 
the use of nuclear energy, by supporting the development of effective and 
effi cient regulation and oversight of nuclear installations, and by helping to 
maintain and advance the scientifi c and technological knowledge base. 
Reports produced by the Committee on Nuclear Regulatory Activities 
(CNRA) and the Committee on the Safety of Nuclear Installations (CSNI) 
are of special relevance to operational safety. The Radioactive Waste 
Management Committee (RWMC), the Committee on Radiological 
Protection and Public Health (CRPPH) and the Nuclear Law Committee 
(NLC) also produce valuable reports, some of them in cooperation with the 
IAEA. Some of the documents are available on the website; others are only 
available to Member Countries.

The mission of the World Association of Nuclear Operators (WANO), 
www.wano.info, is to maximize the safety and reliability of NPPs worldwide 
by working together through mutual support, exchange of information, and 
emulation of best practices. Some publications are on INPO’s website; most 
of them are, however, available only for members.

The mission of the Institute of Nuclear Power Operations (INPO), www.
inpo.info, is to promote the highest levels of safety and reliability – 
to promote excellence – in the operation of commercial nuclear power 
plants.

There are other international organizations such as the International 
Labour Organization (ILO), which provides guidance on workers’ health 
and safety, the International Commission on Radiological Protection 
(ICRP), which publishes recommendations on dose limits, and the World 
Health Organization (WHO), among others, which could be included as 
providers of information for the protection of workers in the operating 
plant.

The reader can fi nd much additional information on the websites of 
nuclear vendors, nuclear utilities and regulatory organizations in different 
countries.
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Decommissioning of nuclear power 

plants (NPPs)

T. S. LAGUARDIA, LaGuardia & Associates, LLC, USA

Abstract: This chapter presents the historical basis for decommissioning 
experience, and summarizes the developments in cost estimating, 
planning, technologies, regulations, implementation, and waste 
management associated with nuclear power plant decommissioning. 
Examples of the application of this technology are included, and listings 
of international experience are provided. Sources of additional 
information are included for further investigation.

Key words: decommissioning planning, cost estimating, technologies, 
major component dismantling, waste management, international 
experience.

24.1 Introduction

Decommissioning of nuclear power plants (and fuel cycle facilities) has 
taken a long and sometimes tortuous path. The evolution of the decommis-
sioning industry followed past practices from the demolition of non-radio-
active fossil-fueled power plants and other process facilities which didn’t 
present the diffi culties of dealing with high levels of radiation and hazard-
ous and toxic materials, nor waste disposal issues. The lessons learned from 
each new experience in decommissioning were passed on to later projects 
and slowly but constructively built a knowledge base on which to plan for 
the future decommissioning of newer, more complex units.

This chapter describes the historical experience of early decommissioning 
projects and how that knowledge provided the basis for responsive techni-
cal, fi nancial, radiological safety and environmental planning throughout 
the world. This chapter describes the development of detailed and reliable 
cost and schedule estimating for decommissioning, and the need for stan-
dardization of costing methodology so cost comparisons can be made from 
one project to another and one country to another. The need for long-term 
planning is described to provide adequate funding for decommissioning so 
the work will be performed safely and effi ciently. The techniques developed 
are also provided which permit planners to anticipate problems and circum-
vent them when segmenting reactor vessels and internals, dismantling 
piping and components, and demolishing structures.
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The chapter includes a discussion of the details of each decommissioning 
phase to provide a framework upon which to consider the manpower and 
material resources needed to accomplish the work, and to understand the 
regulatory requirements to guide the planner in preparing for ultimate 
license termination. Since waste management is a major consideration to a 
successful decommissioning project, the chapter covers the essential issues 
that must be considered from the disposal facility waste acceptance criteria 
backwards to the waste packaging and transportation considerations. 
Similarly, waste recycling is a viable techniques to reduce the amount of 
waste that must be disposed of and accordingly some of the techniques for 
this technology are discussed.

The chapter also presents an overview of the international experience 
available as additional information sources to build upon the lessons learned 
from earlier projects. There are many international organizations dedicated 
to sharing technical and economic information for developing nations new 
to decommissioning, and numerous conferences, symposiums and work-
shops available to keep up to date with evolving technologies. Also included 
are suggested resources for additional information including government, 
institutional and commercial organizations producing regulations, hand-
books and guideline documents to assist in the long-term planning for 
decommissioning.

24.2 Brief history of the development 

of decommissioning

Following the end of the cold war, the international community of major 
powers focused their attention to developing peaceful uses of nuclear 
energy. Many different technologies for power production were developed, 
each with a country-specifi c technology aimed at fi nding the most effi cient 
and reliable source of energy to replace the fossil-fueled power industry. 
Governments invested huge amounts of fi nancial resources, and companies 
dedicated their fi nest scientists to develop this newly found energy source. 
Several early reactor designs were constructed to test and learn the most 
effective methods for power production. Many of these early designs were 
fraught with problems not predictable in the design phase, and resulted in 
premature shutdown and decommissioning. The lessons learned from these 
early experiences provided valuable input to the next generation of reac-
tors. Each major country developed its own technology, and worked out the 
problems to achieve remarkable gains in knowledge to provide workable 
solutions for many years of power production. The development of each 
reactor design required a coincident design to improve on fuel reliability, 
and ultimately to reprocess the fuel to recycle the reusable portion for 
future fuel fabrication.
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The early efforts focused on production while issues related to waste 
management and disposal were deferred for later generations to resolve, as 
the belief was that if the technology to design new reactors were possible, 
so would be the ability to safely dispose of the wastes. This philosophy later 
came to haunt the industry designers as the socio-economic factors proved 
to be more challenging than anticipated. The costs of dealing with the 
wastes and ultimately with the fi nal shutdown and decommissioning proved 
to be greater than expected.

At the same time, government regulation of these new technologies 
introduced challenges with respect to establishing standards of safety that 
could not be achieved without fi nancially burdening the industry. The evolu-
tion of regulatory agencies and corresponding safety standards became a 
major hurdle for operating utilities to overcome. The very early designs 
could not be back-fi tted to satisfy these new regulations, and the companies 
were forced to shut down the reactors and decommission them. The pro-
cesses developed in decommissioning provided a knowledge base that was 
shared from one company to another and from one country to another.

However, the cost of decommissioning grew at rates not experienced in 
other developing industries, such as in the coal, oil, and gas industries, and 
companies were not fi nancially prepared to handle these expenses. At the 
peak of the new nuclear design period in the 1970s and early 1980s, com-
panies found the cost of construction growing to meet the regulatory stan-
dards imposed by regulators. The international economic situation tightened 
as fossil energy sources were strained by embargos on oil imports, and 
investors pulled back commitments to complete nuclear units under con-
struction. Banks likewise tightened credit to companies investing in new 
nuclear plants, driving construction interest rates into double digits. A few 
companies faced potential bankruptcy, and some declared bankruptcy to 
avoid complete failure. Regulators realized the long-range liabilities of 
decommissioning were a signifi cant risk, potentially leaving the cost of 
decommissioning as a future burden on shareholders, taxpayers, and rate-
paying consumers.

State and federal regulators responded by forcing utilities to establish 
funding mechanisms to provide for these future liabilities. Many proposals 
were proffered to attempt to predict the future liabilities, and to regulate 
how the monies for ultimate decommissioning could be assured without 
depending on the individual utility’s fi nancial resources, long believed to be 
protected through the routine ratemaking process. The funding evolution 
process took decades to develop, and ultimately resulted in codifi ed prin-
ciples and practices that satisfi ed the assurance of funding availability.

As these early decommissioning programs evolved, the technologies used 
were constantly improving. They built on the experiences of previous pro-
grams and information was freely passed on to future projects. Experienced 

�� �� �� �� ��



834 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

personnel brought their lessons learned to the next project, and built on 
the base of information technology to improve productivity, safety to the 
workers, the public and environmental protection. Government agencies 
funded additional research to test new techniques in small-scale demonstra-
tion programs, and published the results for contractors and vendors to use 
cost-effectively on large-scale projects. This technology transfer was inter-
national in scope, and organizations were formed to further promote new 
technologies for developing nations.

The most diffi cult tasks of segmenting large reactor components, such as 
reactor vessels and their internals, steam generators, and pressurizers, used 
creative adaptations of existing technology, and built on these technologies 
to improve productivity and safety. Advances in computerization and 
control systems led to the development of robotic systems of remotely 
operated arms to deliver cutting systems such as the plasma arc torch, high-
pressure water abrasive jets, and mechanical cutting systems for the safe 
segmentation of these major components under water or in air.

New technologies in chemical decontamination of process systems were 
developed, and improvements in handling secondary wastes arising from 
decontamination were developed. Each new decommissioning project 
became a testing ground for new processes and the lessons learned were 
shared by means of reports, conferences, training programs, and technology 
transfer by experienced personnel moving from one project to another.

During this evolution of technologies, the methodologies for estimation 
of costs similarly advanced the science. Computer codes replaced hand 
calculations of cost estimates, eliminating routine calculational errors and 
improving the reliability and credibility of the estimates.

Cost feedback from actual decommissioning projects and operating plant 
modifi cations provided a database for estimating future costs with greater 
reliability. More sophisticated computer codes for scheduling provided the 
ability to estimate complex multiple dismantling activities, and the concepts 
of critical path analyses provided a means to improve productivity from the 
workforce.

Decommissioning fi nancing models were developed and regulatory agen-
cies imposed requirements to establish external trust funds outside utility 
control to assure that adequate funding would be available when decom-
missioning was implemented. State regulatory agencies quickly adopted 
these new funding schemes as a means to avoid the potential risk to rate-
payers of having to supplement inadequate funds. International regulatory 
agencies similarly adopted these funding mechanisms and provided guide-
lines for implementation within developing nations. No other industry had 
previously adopted this approach. It became a model for regulation of ore 
mining companies, oil companies, and coal companies to use for future 
disposition of closed mines and oil wells.
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Through the more recent deregulation process, nuclear utility companies 
established merchant companies that were unregulated with respect to the 
rates to be charged. Some of these companies recognized the long-term 
value of nuclear power plants and initiated acquisition programs to buy 
faltering power plants, or single-unit plants that could not compete in a 
competitive market. The cost of decommissioning became one of the major 
considerations in the purchase price, and the transfer of existing funds to 
the new owner an issue of negotiations. The terms of sale included how the 
funds would be transferred, and how funding adequacy would be assured 
in the future.

24.2.1 Development of peaceful uses of atomic energy

Following the end of World War II, those countries leading in the technol-
ogy began to focus their attention on the peaceful uses of nuclear energy. 
US President Dwight David Eisenhower made his famous speech to turn 
swords into plowshares, and the nuclear power industry took off with one 
of the greatest technological advances known to man. The early efforts to 
build nuclear weapons by all the major companies such as DuPont, Union 
Carbide, W.R. Grace, Allis Chalmers, Ashland Oil, and many others now 
turned to developing nuclear power reactors. The federal government pro-
vided generous funding, and some of the fi nest minds in the industry were 
recruited to advance this technology. Other countries such as Canada, the 
UK, France and the former USSR took up the challenge to develop various 
reactor types to determine the best technology for the safest use of this new 
fuel. Germany started later when the prohibition on developing nuclear 
energy was lifted.

The industry was faced with the challenge not only to design, construct, 
and operate these new types of plants, but also to deal with the rest of the 
fuel cycle to determine how to make the fuel, transport it safely, remove 
spent fuel, and safely dispose of the fuel and its wastes. Most countries 
developed reprocessing plants to extract the still reusable portion of the 
spent fuel and plutonium, and to separate out the wastes to be stored in 
tanks until a permanent disposal technology was available.

Many of these early reactors and fuel cycle facilities designed in the late 
1950s were small demonstration reactors, designed to test a specifi c technol-
ogy and prove the economics of nuclear power. The federal governments 
of all these countries funded most if not all of the early development to 
encourage private industry to step in and take the lead on future plants. 
Some demonstration reactor types quickly proved to be impractical, and 
were shut down for decommissioning. Reactors like Hallam in Nebraska, 
Piqua in Ohio, and Elk River in Minnesota operated for only a few years 
before developing signifi cant irreparable piping leaks or other fuel-related 
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problems. In Europe, the Organic Cooled Reactor attracted a great deal of 
interest, and the 20 MWth high-temperature gas-cooled DRAGON research 
reactor project at Winfrith, UK, was a cooperative activity within the OECD 
Nuclear Energy Agency. The BONUS reactor in Puerto Rico was designed 
to generate high-pressure steam to use a conventional, more effi cient steam 
turbine. The reactor vessel contained both boiler fuel to boil the water and 
superheater fuel to increase its temperature. The dual-fuel power level 
proved too diffi cult to control and the reactor was shut down for decom-
missioning. Further, the plant was designed with the control room and all 
management offi ces under the same containment dome as the reactor, so 
if there ever were a serious accident, serious injury would be most likely. 
This early experience proved valuable in sorting out the successful reactor 
designs and set the stage for larger, more effi cient reactors to be built in 
the future.

24.2.2 Early reactor designs and operating experience

By the early 1960s and into the 1970s, reactor designs improved substan-
tially and fuel designs became more reliable. Each country seemed to adopt 
a specifi c reactor type, and reactor vendors competed aggressively to supply 
utilities with their designs. In the US, two designs predominated, namely 
the pressurized water reactor (PWR) and the boiling water reactor (BWR) 
using low enriched fuel (3–4% enrichment in U-235). Both were extrapola-
tions of US Navy submarine and aircraft carrier nuclear power plants, with 
a solid proven operating history. For its base design, Canada selected a 
heavy water-moderated, pressure-tube reactor design that used naturally 
enriched fuel. This type would later be called the CANDU reactor. The 
UK adopted graphite-moderated gas-cooled reactors and used naturally 
enriched fuel. France used both the graphite-moderated gas-cooled reactors 
and the sodium-cooled reactors for their higher thermal effi ciency, though 
later on, in the early 1980s, France abandoned the gas-cooled reactors for 
the PWRs. The Soviet Union also adopted the graphite-moderated boiling 
water cooled reactor, RBMK, for electricity production and also the PWR 
type. The RBMK was the most relevant graphite-moderated reactor devel-
oped by the USSR for electricity generation.

When the mid-1970s brought the world oil embargo, nuclear power 
seemed the easy answer to reduce our dependency on oil. Utility companies 
were impressed with this new technology and began ordering multiple units 
envisioning ‘energy parks’ with as many as 10 reactors on a site. Government 
support was strong and the future growth potential seemed unlimited. All 
countries seemed to be joining the movement to increase the use of nuclear 
power.
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24.2.3 Early decommissioning regulation

During the mid-1970s, government regulatory agencies were coming under 
severe criticism by the anti-nuclear interveners and the public, accusing the 
government of being both the promoter of nuclear power and the regulator 
of its safety. This was an apparent confl ict of interest and pressure was 
brought to bear to separate these functions. In the US in 1975, the old 
Atomic Energy Commission (AEC) was changed to the Energy Research 
and Development Administration. The government then transferred the 
design safety responsibility to a new agency called the Nuclear Regulatory 
Commission (NRC). The pattern established in the US in creating the 
independent NRC was closely followed by other countries. For instance, in 
1980 the Spanish government created the independent Nuclear Safety 
Commission and more recently France created the Authority on Nuclear 
Safety, both institutions similar to the US NRC. Actually, most nuclear 
countries have similar institutions.

This new agency began to focus its attention on the design safety of 
nuclear plants, and to draft new regulations to address issues formerly 
treated as routine concerns as for a fossil plant. The recognition of a possible 
accident resulting from an earthquake generated new regulations for 
seismic design. The NRC funded major accident studies, resulting in the 
redesign of systems to meet accidents caused by a loss of coolant. The high-
energy systems in a power reactor raised concerns over the consequential 
damages from a pipe rupture causing a pipe to whip back and forth, rapidly 
taking out other safety systems in its path. Pipe whip restraints were 
designed to handle these enormous structural loads, and then were back-
fi tted into existing (already tight) spaces in operating reactors. The potential 
for a common mode failure was examined, where a single event (explosion 
or airplane impact) could take out critical safety systems, and drove the 
NRC to require a new design concept. Plants would have to be redesigned 
for redundancy (more than one power source – two pumps to perform the 
same safety function), diversity (two different types of power – such as 
electric and diesel driven), and separation (one pump at one side of a build-
ing and the other on the opposite side). All these design features had to be 
back-fi tted into the existing plants and new plants had to incorporate them 
to obtain their construction license.

During this same time, the US economy fell on hard times and banks 
tightened up on credit, especially to the uncertainties of nuclear power 
plants. Wall Street steered investors away from investing in any utility with 
nuclear plants. Interest on construction loans grew to as much as 20–25% 
– unheard of in any previous situation. More than 60% of the cost of con-
structing a new nuclear plant was for interest on construction loans.
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Suddenly, the cost of new nuclear plants rose by factors of 10 or more. 
The commercial nuclear utilities felt the impact of these enormous design 
and construction costs, and nuclear power fell out of favor. Some utilities 
tried to absorb these large increases in cost and had to declare bankruptcy. 
The NRC responded by requiring fi nancial assurances that a utility could 
complete decommissioning of any plant contemplated or currently under 
construction.

To complicate the problem further, a serious accident occurred at the 
Three Mile Island Unit 2 nuclear plant in 1979. Virtually the entire core 
was damaged, though only about 20% of it melted and no harmful radiation 
was released to the environment. Every regulatory agency in the US became 
involved in trying to understand the causes and implications of the accident, 
and new regulations were formed, requiring that utilities further back-fi t 
operating plants to record all on-going events in case of an accident. The 
TMI-2 accident was closely analyzed by every nuclear regulator in the 
world and within the IAEA and the NEA/OECD where a common research 
effort was established to fi nd the causes and consequences of the accident. 
Many millions of dollars were spent to upgrade these plants, and nuclear 
power again fell in greater disfavor around the world. Some countries such 
as Italy, Sweden, Germany, and others decided to shut down all their reac-
tors, even though they provided more than half their electricity generation. 
The TMI-2 accident had a great infl uence on nuclear development in 
Europe, but the effective moratoria in Italy and the promised but never 
fully achieved moratoria in Sweden were initiated by the 1986 Chernobyl-4 
accident. The limitations in the operating lives in the German plants came 
much later. Decommissioning became the catchword of the future.

24.2.4 Early decommissioning experience

The early demonstration reactors such as Hallam, Piqua, Elk River, and 
BONUS that were shut down provided a training ground for the develop-
ment of decommissioning technology. The concepts of entombment, safe 
storage, and complete dismantling were developed, and the AEC used these 
early experiences to formulate regulatory guidance for future decom-
missioning programs. The NRC Regulatory Guide 1.86, Termination of 
Operating Licenses for Nuclear Reactors, provided specifi c guidance on 
each potential decommissioning strategy (US AEC, 1968). Although primi-
tive in its form and content, it provided initial direction for the reactor 
owners to decommission these early reactors safely. Hallam, Piqua, and 
BONUS used the entombment strategy for decommissioning, removing the 
spent fuel and entombing some or all of the remaining radioactivity within 
the containment structure in a structurally sound concrete barrier. In 1967, 
Hallam was buried within a mound of soil and monitored periodically. In 
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1967, Piqua removed all equipment except the Reactor Vessel (RV); it was 
fi lled with gravel (for shielding) and the building was temporarily used for 
storage of industrial equipment. In 1969, BONUS systems were decontami-
nated using strong acids, and the RV and empty fuel storage pool were 
entombed within a concrete barrier. BONUS was to be used as a museum 
for the public to see what a reactor looked like; it remained open for about 
two years. In 1973, the Elk River reactor was completely dismantled and 
all radioactive components were shipped to federal disposal facilities.

The Shippingport Atomic Power Station, the fi rst commercially operated 
power plant in the US, was shut down in 1982, and the reactor components 
and buildings were completely dismantled. Except for the turbine-genera-
tor systems, all vestiges of the facility were removed and the site returned 
to a ‘greenfi eld’ status (IAEA, 1989; Tarcza, 1987).

The US applied this early guidance to industrial reactors and a number 
of research reactors installed at universities, research laboratories, and 
medical facilities. Other countries followed suit with similar requirements 
and safely decommissioned research reactors and some of the early experi-
mental reactors.

The Canadian prototype power reactors Gentilly Unit 1 and Douglas 
Point were developed to demonstrate the CANDU technology. Both were 
shut down for decommissioning: the Gentilly Unit 1 250 MWe pressurized 
heavy water reactor in 1977; the Douglas Point 200 MWe CANDU reactor 
in 1984. The NRX, the experimental materials reactor at Chalk River, was 
shut down for decommissioning in 1993.

24.2.5 Technological developments in decommissioning

As noted earlier, these early decommissioning experiences led to the devel-
opment of new technologies. At BONUS, chemical decontamination was 
fi rst used on a large scale to remove the internal contamination from piping 
and components to make them safe for public access. The reactor vessel 
was entombed in a concrete structure designed to last 125 years to allow 
the residual radioactivity to decay to unrestricted access levels. More than 
500 cubic yards of concrete were pumped under, around, and on top of the 
RV. Because of the high ambient temperatures in Puerto Rico, and because 
the heat of hydration of concrete during curing would cause cracking in the 
concrete, 100 pounds of ice had to be added to each cubic yard of concrete 
mix before it could be pumped the 285 feet into the building.

At Elk River, the RV internals were segmented remotely under water 
using a remotely operated plasma arc torch developed by the Oak Ridge 
National Laboratory in Tennessee. The vessel was similarly cut in air with 
torch cutting. These technologies were subsequently used at the Sodium 
Reactor Experiment in Santa Susana, CA, and more recently at the Yankee 
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Rowe plant in Massachusetts. At Shippingport, concrete scabbling (scarifi -
cation) was used to remove contaminated concrete from the spent fuel pool 
walls and fl oors; this large-scale project used a multi-head scabbling machine 
designed to scarify two fuel pool walls simultaneously. The concrete con-
tainment structure at Shippingport was demolished using large hydraulic 
hammers mounted on backhoes and excavator machines. These technolo-
gies are still in use today.

24.3 Development of decommissioning cost-

estimating methodologies

The growth of this new technology for nuclear power did not emphasize 
the costs for decommissioning. Little thought was given to the ultimate cost 
to dismantle and then dispose of the wastes. As the industry grew, regula-
tors, industry groups, concerned citizens and other stakeholders began to 
investigate decommissioning costs. The early estimating tools from the con-
struction industry did not properly address the radiological decontamina-
tion, removal, and ultimate disposition of these facilities. The cost estimating 
community of engineers embarked on an intensive effort to address these 
costs. The work set a benchmark for other industries to follow as to how to 
deal with these long-term liabilities. This section describes the development 
of the estimating methodology and its application to decommissioning.

24.3.1 Planning for future decommissioning – cost 
estimating and fi nancing

During the development years of nuclear power from the 1960s through 
the 1970s, the focus was to build new and larger nuclear power plants. Little 
concern was given to ultimate decommissioning. The costs of decommis-
sioning were believed to be a small fraction of the cost of building the plants 
– less than 10%. In fact, many estimates stated that fi gure without further 
substantiation. If the industry could build these plants, they could fi nd a way 
to decommission them inexpensively.

During these early years, the cost of radioactive waste disposal was 
truly inexpensive. In the US, low-level wastes were being buried at shallow 
land burial facilities for as little as $0.75 per cubic foot. Higher-activity 
wastes carried a surcharge for radiation level and total curies amounting 
to only a few dollars per cubic foot. Waste disposal facilities essentially 
dug a trench about 27 feet deep, placed the waste in the trenches, and 
covered it with soil. Regulations for decommissioning were on minimal, and 
labor and energy costs were on about the same level as the Consumer Price 
Index.
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Some of these disposal facilities experienced leakage of radionuclides 
from the trenches. In the US, at Morehead, KY, Sheffi eld, IL, and Barnwell, 
SC, traces of waste were detected leaking off site, and major changes were 
made. Morehead and Sheffi eld were closed. Barnwell had to recover these 
leakages, and then had to redesign the trenches. A clay bottom was installed, 
and a French drain system of piping was installed on top of the clay, and 
then covered by gravel and another clay layer. The walls of the trenches 
had to be sealed with clay to prevent side leakage. The imposed state and 
federal regulations and subsequent inspections ensured the integrity of 
disposal. The cost of disposal of wastes increased from $0.75 per cubic foot 
($0.02 per m3) to as much as $75.00 per cubic foot ($2.12 per m3), a 100-fold 
increase. The type of containers that could be used for disposal now had to 
be strong-tight containers of steel. Higher-level wastes such as contami-
nated resins required polypropylene containers reinforced with steel 
structures to prevent subsidence of the overburden of soil.

The early estimates of 10% of the construction cost to pay for decom-
missioning were no longer applicable. State and federal regulators became 
concerned that funding adequacy was not available. By 1986, the NRC 
enacted new regulations requiring licensees to show evidence that at least 
$100 million would be available to pay for decommissioning. Commercial 
utilities attempted to estimate decommissioning costs using out-dated 
methodologies that fell far short of the goal. Inconsistencies in estimating 
were rampant and public and regulatory confi dence was lost.

Various independent cost-estimating companies used a variety of 
approaches to estimate decommissioning costs, but the results differed so 
greatly that there was no confi dence in the estimates or whether the nuclear 
industry could properly predict future costs.

24.3.2 Recognition of the need for accurate cost estimates

As noted earlier, original estimates used a value of 10% of the construction 
cost to estimate decommissioning costs. This was partly based on fossil-
fueled power plant demolition experience, where clean, non-radioactive 
materials were sold as scrap to recover some of the dismantling costs. But 
even this practice was fl awed, since demolition companies often removed 
the more valuable copper and steel from the fossil-fuel plants and aban-
doned the project partially dismantled, leaving the owners with the problem 
of removing asbestos insulation and concrete structures to complete the 
job.

State regulators who set the rates for electricity for the commercial 
nuclear utilities were frustrated with the wide diversity of estimating 
methods and lack of consistency in the estimates from one plant to another. 
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Interveners tarnished the image of utilities in public hearings, accusing them 
of artifi cially infl ating the cost of decommissioning to increase the rates to 
be charged to rate-paying consumers. In 1978, the NRC contracted an inde-
pendent national laboratory, Battelle Pacifi c Northwest Laboratory, to 
develop a reference study of decommissioning large PWRs, and later BWRs 
and gas-cooled reactors (and other fuel cycle facilities) (Smith et al., 1978; 
Oak et al., 1980). The NRC hoped to use these studies to establish a bench-
mark against which estimates could be developed and compared across the 
US.

The Atomic Industrial Forum (now the Nuclear Energy Institute – NEI) 
funded a study to develop a cost-estimating methodology to estimate costs 
accurately. The report, Guidelines for Producing Nuclear Power Plant 
Decommissioning Cost Estimates, was published in 1986 (hereinafter, ‘the 
Guidelines’), and set the groundwork for a new approach to estimating 
(LaGuardia et al., 1986). The AIF retained a peer group to review and direct 
the study to best serve the industry. With the goal of instructing how to 
develop an estimate without directly publishing a specifi c estimate, the 
Guidelines provided a step-by-step methodology for estimating and pro-
vided extensive bases to support the calculations.

Utilities contracted with independent companies (for example, TLG 
Services, Inc.) to develop estimates with the Guidelines for decommission-
ing their facilities. The fi rst Guideline-based estimates proved to be higher 
than the Battelle reference plant estimates, and state regulators were suspi-
cious that again the utilities were attempting to infl ate costs to increase their 
rates. Interveners pressed expert witnesses to justify the differences between 
the Guidelines and the Battelle studies, and a battle-royal ensued. Upon 
further examination, witnesses showed that the Battelle studies contained 
some fl aws in both estimating assumptions and the inventories of equip-
ment. Some of the data used by Battelle were from plants that were still 
under construction and not all equipment was accounted for properly. The 
NRC held meetings with Battelle and TLG Services to reconcile these dif-
ferences; some progress was made, but Battelle (and the NRC) refused to 
back down. Nevertheless, the Guidance methodology prevailed in the state 
hearings and state regulators agreed to the amounts required to decommis-
sion these large plants.

Other countries, including Canada and Europe, watched the develop-
ment of this cost-estimating technology with great interest. In Europe, the 
German company NIS Ingenieure (now part of Siemplekamp, Inc.) began 
to develop estimates for utilities using the decommissioning cost results of 
a small heavy water-moderated, gas-cooled reactor as a basis for estimating 
all types of power reactor decommissioning costs. The NIS estimates were 
a ‘black box’ approach, where the details of the estimate were not revealed 
to the utility. Nevertheless, utilities relied on these estimates.
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24.3.3 Funding for decommissioning

Construction costs grew considerably (by almost a factor of 10) during the 
early 1980s – the peak years of nuclear plant construction. The increase was 
partly due to the high cost of interest, and partly due to the new and con-
tinually changing regulations imposed by the NRC. In the US, New 
Hampshire Yankee, owners of the Seabrook plant under construction, 
declared bankruptcy, sending panic waves throughout the industry. Utilities 
never declared bankruptcy as they were supposed to be protected from 
such by the regulating rates of public service commissions. Following the 
Three Mile Island Unit 2 accident, other companies threatened bankruptcy 
at having to back-fi t their plants with the modifi cations needed to protect 
the plants during an accident.

The NRC followed with new regulations requiring licensees to set aside 
funds for decommissioning to ensure the availability of funds when needed. 
These new regulations took several years to develop because the NRC 
changed form and content several times in an attempt to fi nd a reasonable 
approach to guarantee assurance.

24.3.4 Attempts to establish minimum funding amounts 
by formula

The NRC’s approach for funding assurance was fi rst to establish a minimum 
funding amount of $100 million for each reactor unit. It cited the Battelle 
studies as a basis, and felt this simplifi ed approach would be satisfactory for 
ratemaking purposes and funding adequacy. However, with the rapidly 
increasing costs of decommissioning from waste disposal charges, new regu-
lations, and better-defi ned decommissioning plans, the $100 million was 
viewed by state regulators as inadequate. The $100 million was for 1000 MWe 
power plants and did not address smaller or larger plants. State regulators 
placed greater reliance on the site-specifi c estimates developed using the 
Guidelines methodology. Now the regulators were insistent that suffi cient 
funds be set aside to ensure the state would not be left responsible for 
decommissioning the plants in case of utility bankruptcy. The tide had 
turned in favor of greater assurance.

The NRC responded by developing a formula incorporating a base cost 
for each type of reactor (PWR and BWR) of a given size, and a modifi er 
to take into account plant size, labor costs, disposal costs, and energy costs. 
Regional differences were adjusted using consumer price indexes according 
to specifi c references directed by the NRC’. These guidelines were pub-
lished in the US NRC’s Standard Review Plan for Decommissioning Cost 
Estimates for Nuclear Power Reactors (US NRC, 2004). Licensees of operat-
ing reactors were now required to provide reasonable assurance that funds 
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would be available to accomplish decommissioning within 60 years from 
the date of permanent cessation of operations. These requirements ensure 
that a licensee has fi nancial assurance in effect for an amount that may be 
more but not less than the minimum funding amount (MFA). Accordingly, 
the NRC’s formula stated that if P equals the thermal power of a reactor 
in megawatts (MWt), the MFA (in millions, January 1986 dollars) is:

For a pressurized water reactor (PWR): MFA = 75 + 0.0088P [24.1]

For a boiling water reactor a (BWR): MFA = 104 + 0.009P [24.2]

For either a PWR or a BWR, if the thermal power of the reactor is less 
than 1200 MWt, the value of P to be used in these equations is 1200, 
whereas if the thermal power is greater than 3400 MWt, a value of 3400 is 
used for P. That is, P is never less than 1200 or greater than 3400.

The fi nancial assurance amounts calculated in the above equations are 
based on January 1986 dollars. To account for infl ation from 1986 to the 
current year, these amounts must be adjusted annually by multiplying by 
an escalation factor (ESC). This ESC is:

ESC (current year) = 0.65L + 0.13E + 0.22B [24.3]

where L and E are the ESCs from 1986 to the current year for labor and 
energy, respectively, taken from regional data of the US Department of 
Labor (US Department of Labor, 2010b), and B is an annual ESC from 
1986 to the current year for waste burial, taken from the most recent revi-
sion of Report on Waste Disposal Charges: Changes in Decommissioning 
Waste Disposal Costs at Low-Level Waste Burial Facilities (US NRC, 2005). 
This document is updated from time to time to account for disposal charge 
changes. In January 1986 (the base year), using disposal costs from the 
DOE’s Hanford Reservation waste disposal site, L, E, and B all equaled 
unity; thus, the ESC itself equaled unity. Therefore, the minimum funding 
amount (MFA) is:

MFA (in millions, current year dollars) = MFA ∗ ESC (current year)
 [24.4]

For example, a 2536 MWth BWR decommissioning cost in 1986 for imme-
diate dismantling would have been $126.82 million, and in 2002 with the 
escalation factors applied would be $424.36 million. The escalation factor 
calculation is as follows:

ESC = 0.65L + 0.13E + 0.22B
 = (0.65 ∗ 1.922) + (0.13 ∗ 1.135) + (0.22 ∗ 8.86) = 3.346 [24.5]

The coeffi cients in the US NRC formula were taken from the Battelle 
studies. They represent the percentage of the total costs that were related 
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to labor (65%), energy (13%), and burial (22%). Accordingly, this escala-
tion formula only applies to the NRC reference plants, not to a site-specifi c 
study that would have different coeffi cients.

For estimating purposes, the US NRC formulas were used as benchmarks 
for determining the minimum funding amount. However, most utilities and 
state regulators preferred to rely on site-specifi c studies.

24.3.5 Advent of site-specifi c cost estimates

The lack of specifi city in the US NRC formulas drove utilities and state 
regulators to require site-specifi c studies for funding purposes. Site-specifi c 
studies by their very nature more closely identifi ed the actual reactor and 
site conditions that accounted for the cost of decommissioning a nuclear 
power plant. The site-specifi c studies required a detailed itemization of all 
the equipment and structures at a facility, and the exact end-point condi-
tions for decommissioning. The Guidelines methodology depended on a 
‘building block’ approach to cost estimating. Estimates were developed for 
activity-dependent costs (decontamination, removal, packaging, transporta-
tion, and burial), period-dependent costs (management cost for the utility 
and decommissioning operations contractor for the duration of the project), 
and collateral costs (engineering, purchased equipment, licensing/permit-
ting/insurance, and taxes). The total costs were then analyzed to add con-
tingency (to account for costs fully expected to be incurred during actual 
decommissioning, but whose occurrence, duration, and degree of uncer-
tainty could not be directly calculated).

To determine the activity-dependent costs, the plant inventory of equip-
ment and structures was used as input to the calculations. Unit cost factors 
(costs per foot of pipe of each size, cost per ton of steel, and cost per cubic 
yard of concrete) were developed using the local site labor costs and materi-
als costs. For example, the number of feet of a specifi c pipe size was multi-
plied by the unit cost to remove that pipe and bring it to a packaging staging 
area for ultimate disposition. Period-dependent costs were developed from 
the project schedule of the overall program, and the management staff was 
adjusted for the various periods of the project from preparations to opera-
tions (removal of radioactivity), and fi nally site restoration (dismantling of 
all remaining structures and restoration of the site). Collateral costs included 
all costs that were neither activity nor period-dependent.

24.3.6 Development of defi ned funding programs – 
internally held vs external trusts

The utilities used these site-specifi c studies to develop funding programs to 
ensure the funds would be available when decommissioning commenced. 
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Some utilities initially adopted internally held funds, but the uncertainties 
associated with potential bankruptcy drove the US NRC to require funds 
to be externally held by trusts (banks or certifi cates of deposit) so that utili-
ties could not use the funds for other purposes. The US NRC established 
guidelines for the type of external funds that could be used.

The US NRC originally required safe-type investments similar to the 
funds established for coal miners potentially suffering from ‘black lung 
disease’. They were in low-return but secure investments to ensure avail-
ability when needed. The Internal Revenue Service (IRS) referred to these 
funds as qualifi ed funds and allowed a lower tax rate on the utilities. Later, 
the US NRC and the IRS allowed investments in non-qualifi ed funds (equi-
ties and stocks) that provided higher returns but were potentially at a 
higher risk, and were taxed at the full corporate tax rate. The overall greater 
return proved to be less costly to consumers, but still provided adequate 
assurance that the funds would be available when needed.

When deregulation of nuclear utilities was promoted in the US with the 
intention to reduce the cost of electricity to consumers, utilities formed 
unregulated ‘merchant companies’ and were permitted to retain these col-
lected funds provided the utilities would guarantee the assurance of all 
decommissioning costs. Most utilities retained the external trust concept, 
but were able to earn interest on the funds as profi ts while committing to 
have the funds available for decommissioning. Any shortfall would have to 
be made up from the shareholders of the utility.

As actual decommissioning experience was learned, the costs of decom-
missioning increased. Changes in the scope of decommissioning were rec-
ognized to comply with the increasing regulatory requirements and the 
increasing effects of infl ation and waste disposal costs. As noted earlier, 
waste disposal costs were increasing at rates greater than the Consumer 
Price Index and were driving decommissioning costs higher. The concern 
for the environment and the disposition of materials drove costs higher. 
Local stakeholders gained greater control as to the fi nal disposition of the 
site, and forced utilities to expend more dollars to restore the site to lower 
residual levels of radioactivity at greater cost.

In light of these changing conditions in scope and costs, state and federal 
agencies recognized the need for periodic updating of cost estimates. Public 
service commissions that regulate rates charged to consumers built peri-
odic updating into the funding programs. Most state regulators require a 
funding review every three to fi ve years. These reviews are held at hearings 
where the utilities present the latest updated costs and calculate what the 
revised liability is, and how much should be collected from rate-paying 
consumers.

The US NRC similarly recognized the need for updating, and in 1999 
issued regulations requiring licensees to submit estimated decommissioning 
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costs and funding plans to demonstrate there would be adequate funds 
when needed. Every two years, utilities fi le an updated estimate to show 
that funding meets or exceeds the NRC’s minimum funding amount (MFA). 
Licensees that are in a shortfall condition are notifi ed to make up the 
shortfall, or be subject to an NRC fi ne.

24.4 Development of long-term planning 

for decommissioning

The development of long-term planning includes preparation of decommis-
sioning plans in accordance with regulatory requirements, anticipating the 
technologies required to decontaminate systems, dismantle and demolish 
equipment and structures, transport materials for storage/disposal, and 
recycle or dispose of wastes. This section provides an overview of this long-
term planning.

24.4.1 Requirement for decommissioning plans

The early decommissioning programs for small demonstration and research 
reactors required minimal documentation for planning and approval. There 
was no precedent for licensees/owners and regulators to follow. Accordingly, 
licensees/owners would propose an approach and the regulators would 
review it. Numerous regulator questions arose and multiple submittals were 
necessary to arrive at a consensus of safe practices and acceptance criteria. 
The process was tedious to say the least, and often frustrating and time 
consuming. Meanwhile, no physical work could be performed at the site 
other than those activities that were previously approved under the operat-
ing license. For this work, licensees/owners merely had to perform an inter-
nal review to assure that there were no unreviewed safety issues.

In the US, the former Atomic Energy Commission (US AEC) had begun 
to use a series of Regulatory Guides for operating reactors on specifi c 
activities for PWRs and BWRs. These numbered Regulatory Guides pro-
vided licensees/owners with pre-approved approaches to safely operate and 
maintain the reactors without being subjected to intensive and time-con-
suming submittals and approvals. With respect to decommissioning, the US 
AEC prepared and issued Regulatory Guide 1.86, Termination of Operating 
Licenses for Nuclear Reactors, in June 1968 (US AEC, 1968). This document 
was the fi rst recorded attempt to codify rules for decommissioning. It 
required that a decommissioning plan be prepared and submitted for US 
AEC approval prior to the commencement of any fi eldwork, and provided 
guidance on levels of radioactivity acceptable to free-release a site for 
unrestricted use and terminate the license. Regulatory Guide 1.86 also 
identifi ed three decommissioning scenarios (strategies) acceptable to the 
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US AEC, including mothballing (safe storage), entombment (hardened safe 
storage), and dismantling.

The signifi cance of this Regulatory Guide was important, as it gave licens-
ees/owners direct guidance how to decommission a reactor with minimal 
regulatory submissions. Most of the early demonstration and research and 
development reactors were decommissioned in accordance with this docu-
ment. Internationally, other countries followed this development cautiously, 
preferring to continue the previous practice of submittal, review, and 
re-submittal.

As experience was gained from actual decommissioning, new issues were 
raised involving variations in the scenario or strategy to be employed. As 
noted earlier, the US AEC was reconfi gured into the US Nuclear Regulatory 
Commission (US NRC) and the importance of decommissioning funding 
and technical approaches drove an entire reassessment of guidance and 
requirements. Other countries similarly recognized the changes taking 
place in the industry and began to develop regulations and guidance 
for decommissioning. The International Atomic Energy Agency (IAEA) 
through consultant contributions and studies developed guidance practices 
and safety documents for its member states for nuclear power plants, 
research reactors and fuel cycle facilities.

24.4.2 Regulations for decommissioning

It is not possible to fully describe the regulations of each country as there 
are too many variations and differences. Section 24.5 provides additional 
sources of information on decommissioning regulations in selected coun-
tries. Many countries follow the guidance of the International Atomic 
Energy Agency which is suffi ciently representative of common practice. For 
example, the IAEA issued the Safety Guide, Decommissioning of Nuclear 
Power Plants and Research reactors (IAEA, 1999), the Safety Requirement, 
Decommissioning of Facilities Using Radioactive Materials (IAEA, 2006a), 
and Decommissioning of Nuclear Facilities: Training and Human Resources, 
Nuclear Energy Series (IAEA, 2008).

24.5 Decommissioning technologies and research 

and development

International decommissioning experience has driven the need for new and 
more effective technologies to improve safety and productivity, while reduc-
ing time and cost. Necessity is the mother of invention, and this is no better 
demonstrated than in the decommissioning industry. All the creative juices 
of engineers and contractors were aptly applied to simplify the work and 
make it safer to accelerate programs without endangering the workers or 
public. Several of these areas are described in the following sections.
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24.5.1 New technologies for in-situ chemical 
decontamination

Liquid-cooled nuclear power plants operate under strict chemical controls 
to maintain demineralized water purity to minimize corrosion of the critical 
components such as the reactor coolant pumps, steam generators, pressur-
izers, piping, reactor vessel, and the fuel. Nevertheless, slow corrosion and 
erosion continue to occur, causing fi ne particles to fl ow through the system 
and pass over the fuel. These particles become highly irradiated and collect 
on the interior walls of various components of the coolant system. Over 
time, these particles increase the dose rate to workers performing mainte-
nance on the equipment. During decommissioning, the dose rates are likely 
to be at their highest levels if not removed periodically. Many components 
cannot be accessed for dismantling until these exposure rates are reduced 
or removed prior to dismantling. The nuclear industry has spent many mil-
lions of dollars to fi nd technologies to remove this contamination safely.

In the 1970s, Canadian companies successfully developed the proprietary 
Candecon and Canderem decontamination methods to remove or reduce 
contamination in the CANDU reactors. They involved a multi-step process 
of injecting chemicals into the system and circulating them for several days 
while monitoring the decontamination factor (DF) achieved. When no 
further reductions were possible, the system was deemed decontaminated 
and safe for dismantling. This same technology was successfully applied in 
the US for several years.

Subsequently, US companies developed similar multi-step processes 
including the AP-Citrox/EDTA process (alkaline permanganate, followed 
by citric acid, followed by ethylene-diamine-tetraacetic acid). The chemical 
reactions are far beyond the purpose of this book, but suffi ce it to say they 
were very successful. This process was used successfully at the Shippingport 
Atomic Power Station in Pennsylvania. At the Dresden reactor in Illinois, 
a proprietary process called NS-1 (Nuclear Solvent-1) was used successfully 
to reduce exposures.

EPRI promoted and funded the ‘Decontamination for Decommissioning’ 
(DFD) process employing difl uoroboric acid, a process developed by 
Bradtec in the UK. This process was used successfully at the Big Rock Point 
Decommissioning Project in Michigan.

Siemens, a German company with headquarters in Erlangen, Germany, 
developed the CORD process (Component Oxidation–Reduction Decon-
tamination), employing a multi-step chemical addition. This process offered 
simplifi ed end-point solvent removal using a photo (light-reducing) method. 
This process was successfully used at the Connecticut Yankee (Haddam 
Neck) Decommissioning Project in Connecticut.

In Germany, electropolishing was developed to decontaminate and free-
release components from the Gundremmingen-A nuclear power plant. 
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Electropolishing is reverse electroplating, where an acid bath is used and a 
direct current source is applied to transfer electrons from the contaminated 
surface to the acid and the contamination is removed with the base metal. 
Variations of this technology have been developed whereby the acid is 
sprayed on the surface from a nozzle that is electrically charged.

As can be observed, the technology for decontamination is not stagnant. 
New advances are being developed as the industry gains experience. The 
successes of each of these projects are widely distributed through confer-
ences, courses, and training programs.

24.5.2 New technologies for pipe and component removal

Fossil plant dismantling has made use of oxyacetylene (oxygen and acety-
lene gas) torches to cut steel components successfully for many years. 
These were manually held torches and were adequate for the purpose 
intended.

When nuclear decommissioning evolved, the oxyacetylene could not cut 
through the stainless steel components since it did not have a high enough 
temperature (1150°C) to melt the stainless steel. The plasma arc torch was 
introduced, using argon gas to start, then oxygen gas to cut. The torch was 
energized with a voltage across the tip to the workpiece to maintain the 
plasma heat source. The temperature of the torch tip was about 7800°C, and 
it cut through stainless steel without a problem. It cut through plain carbon 
steel about 10 times faster than oxyacetylene torches. This technology was 
adopted at the Shippingport Project as the main cutting tool for all cutting.

Plasma and oxyacetylene torches are expensive to operate, so the gaso-
line torch was developed. It used ordinary gasoline as the fuel and oxygen 
for cutting. It burns at about 4475°C, more than suffi cient to cut through 
stainless steel and, of course, carbon steel. It is quickly becoming the stan-
dard tool for such work.

Laser cutting has been available for many years, but the size of the power 
supply and the limitations on the thickness that can be cut are not yet suf-
fi cient to be of great service at this time. Additional development work will 
improve this tool as well.

24.5.3 Reactor vessel and internals segmentation

The technology for segmenting the reactor vessel and its internals has been 
evolving steadily since the fi rst attempts at the Elk River Reactor in 
Minnesota. The Oak Ridge National Laboratory in Tennessee adapted the 
plasma arc torch to a remotely manipulated central mast to deliver the 
torch tip to the workface. The torch worked extremely well for segmenting 
the stainless steel internals. The only problem encountered was maintaining 
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the clarity of the water in the vessel needed to provide shielding. The fi ltra-
tion system was inadequately sized, and the years of ‘crud’ (Chalk River 
Undefi ned Deposit – a Canadian term coined for this material) buildup 
clouded the water such that the job had to be shut down periodically for 
the fi lters to catch up. This same problem has been encountered in every 
other process used for vessel internal segmentation in the US. The RV was 
segmented using an oxyacetylene torch on the same mast since most of the 
vessel was carbon steel. The Elk River torch was rebuilt and used again at 
the Sodium Reactor Experiment in Santa Susana, CA.

The next opportunity for segmenting reactor vessel internals was not 
until the 1990s at the Yankee Rowe Reactor, in Rowe, MA. Once again, the 
plasma arc torch was used, mounted on a bridge crane on top of the RV. 
The torch cut the stainless steel internals without a problem, but again the 
water clarity was a problem. In addition, because the reactor had operated 
for more years than Elk River, the fi ne particles created by the cutting torch 
were carried upwards by the thermal currents generated by the high heat 
input to the water. These particles caused an exposure rate problem for 
workers on the bridge, and additional shielding had to be added to protect 
them during cutting.

By the late 1990s, the Connecticut Yankee nuclear plant was the next in 
line to be decommissioned. For these RV internals, a new technology was 
developed. An abrasive water jet cutting system was employed. This con-
sisted of a high-pressure water jet (2760 bars) with abrasive-injection at the 
cutting tip. The cutting rates were slower than for plasma arc cutting, but it 
could cut thicker sections not possible with the plasma torch. However, the 
large amount of abrasive (grit) needed (about three pounds of grit for each 
fi ve gallons per minute of water, since the jet required about seven gallons 
per minute) created a large amount of secondary waste. This waste, further 
contaminated with the fi ne particulate from the internals it was cutting, 
required special containers for disposal. In addition, the grit spray was dif-
fi cult to control after leaving the kerf (the slit cut by the torch) and spread 
this material all over the bottom of the pool where the internals were being 
cut. It took another year to clean up this debris from the pool.

Early in 2000, Maine Yankee initiated segmentation of the RV internals 
(Fig. 24.1). They too used the abrasive water jet technology. Once again, 
water clarity became a problem and a specially designed fi lter system was 
employed to replace the original system. The internals were successfully 
segmented, the more highly radioactive portions were stored with the spent 
fuel for ultimate disposal, and the lower-level components were transported 
to Barnwell, SC, for disposal.

In February 2001, the San Onofre Unit-1 (SONGS-1) nuclear plant in 
San Clemente, CA, initiated segmentation of the RV internals using the 
abrasive water jet technology (Fig. 24.2). They encountered the same water 

�� �� �� �� ��



852 Infrastructure and methodologies for justifi cation of NPPs

© Woodhead Publishing Limited, 2012

24.1 Maine Yankee segmented reactor vessel internals.

clarity problems as had previous companies, and had to provide a specially 
designed fi ltration system. The work was completed in January 2002. The 
reactor vessel was removed in one piece from the containment building and 
loaded into a shielded cask for transport and disposal. However, negotia-
tions broke down with Panama, operators of the Panama Canal, and the 
vessel could not be shipped through the Canal. Other options were explored, 
including shipping it around South America to the Barnwell, SC, facility, 
but no successful solution was developed. The vessel is temporarily stored 
on the SONGS-1 site.

In 2004, the Rancho Seco nuclear plant in Sacramento, CA, employed 
mechanical cutting technologies to segment its RV internals. Mechanical 
cutting eliminated the problems associated with water clarity experienced 
at other facilities, but the cutting process was very slow. It took more than 
two years to segment the internals compared with the one year experienced 
at other plants. The roads and bridges surrounding the Rancho Seco plant 
were not strong enough to handle the heavily shielded RV in one piece, so 
abrasive water jet cutting was used again to segment the vessel. They 
encountered problems with separating the grit from the fi ne steel particles 
and collecting the spent grit on the other side of the cut. Nevertheless, the 
project was completed.

These vessel and internals segmentation programs indicate that major 
advances have been made in the cutting technologies being used, but sig-
nifi cantly more work needs to be done. The lessons learned from each 
project are valuable input to future designs and applications.
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24.2 San Onofre Unit 1 reactor vessel removal.

24.5.4 Heavy transport methods

The transport of one-piece reactor vessels, steam generators, and pressur-
izers is a major challenge for decommissioning (Fig. 24.3). One-piece 
removal saves considerable time and cost by avoiding segmentation and its 
exposure to workers performing the cutting. However, these components 
are massive. A large 1100 MWe reactor vessel package with shielding weighs 
more than 907 metric tons; a steam generator from the same plant weighs 
almost 492 metric tons, and a pressurizer weighs about 246 metric tons. 
Decommissioning planners must evaluate all possible options depending 
on the routes available to the disposal facilities.

For road transport, multi-wheel transporters are available with more 
than 320 separately articulated wheel assemblies to negotiate sharp turns 
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24.3 Rancho Seco steam generator transport.

24.4 Maine Yankee reactor vessel disposal.

(Fig. 24.4). These transporters can handle loads over 1090 metric tons. They 
usually have a forward tractor pulling the load and a following tractor to 
use for emergency braking. Truck transport is generally used for distances 
less than 1000 miles (1610 kilometers).

For rail transport, depressed-bed railcars are designed to handle loads of 
up to 180 metric tons. They too are multi-wheel cars to distribute the load 
over the rails. Heavier loads up to about 1090 metric tons use a Schnabel 
car, a multi-car assembly with a major frame support for each end of the 
load and each frame resting on a separate multi-wheel railcar. The load 
actually becomes part of the support system. This type of railcar is generally 

�� �� �� �� ��



 Decommissioning of nuclear power plants (NPPs)  855

© Woodhead Publishing Limited, 2012

used for distances less than 3000 miles (4800 kilometers), but is further 
limited by the capacity of bridges and the width of tunnels along the route.

For much heavier loads, possibly with multiple components shipped 
simultaneously, barge transport is used (Fig. 24.5). Sea-going barges can 
handle many thousands of tons per shipment. Each shipment must meet 
Coast Guard, naval architect design, and state/federal regulations. Distances 
are virtually unlimited, as multiple tugs are used to ensure the load is under 
control at all times. The only limitation is the available depth of water in 
rivers from the nuclear plant site and the disposal site.

24.5.5 Robotic concrete demolition methods

Concrete demolition is another critical challenge in a decommissioning 
project. Nuclear-grade concrete is usually the strongest concrete available, 
testing at more than 55,160 newtons per square meter compressive strength. 
As concrete ages it continually cures and gets stronger, reaching almost 
131,000 newtons per square meter compressive strength. Early reactors 
used manually held jackhammers but these were found to be ineffective. 
Later, hydraulically and pneumatically operated demolition hammers were 
mounted on backhoes and excavators to demolish massive concrete sec-
tions. At Shippingport, such hammers were used to demolish the concrete 
containment structures enclosing the reactor vessel and steam generators.

More recently, companies such as Brokk introduced robotically con-
trolled demolition hammers mounted on a mobile track or wheel chassis. 
The operator controlled the hammer with a joystick connected by cables to 
the chassis. That way the operator could remain in a low dose area and away 
from falling debris without injury. These Brokks can also be fi tted with 

24.5 Maine Yankee steam generators on barge.
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scabbling heads to scarify (remove) the surface layer of contaminated con-
crete from a low-dose area of the plant. Brokk has recently introduced an 
articulated robotic arm capable of picking up small parts and components 
weighing up to 115 kilograms remotely with a joystick. Computerization is 
advancing this technology.

24.5.6 Advances in controlled blasting

Controlled demolition of concrete structures by blasting (or implosion) has 
long been used in the wrecking industry for industrial buildings, hotels, 
stadiums, and other large structures. The technique involves ‘softening’ the 
building by removing all interior walls and equipment, and removing the 
concrete covering of steel reinforcement to place explosives. The explosives 
are covered with a blanket material to focus the explosive charge inward 
towards the steel supports and columns. Strategically timed delays are used 
to fi re explosives that cause the building or structure to fall in a specifi c 
direction. This manner of demolition drops the building to grade level so 
additional conventional demolition can be accomplished and rubble can be 
removed (mucked out). The method greatly accelerates the demolition time 
and simplifi es the cleanup process.

At the Maine Yankee decommissioning project, controlled blasting of the 
massive containment building was successfully used in 2004 (Fig. 24.6). The 
containment building was a 4-foot (1.22-m) thick concrete dome structure, 
heavily reinforced with number 18 reinforcing steel about 2 inches (5.4 cm) 
in diameter, on 6 inch (15 cm) centers in two layers near the outer and inner 

24.6 Maine Yankee containment building demolition.
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surfaces of the walls. The inner surface of the containment building also had 
a 1-inch (2.54-cm) thick steel liner shell. The structure was designed to 
withstand a major pipe rupture accident within the building, releasing the 
energy of the high-pressure steam within the reactor system. The building 
could also withstand the direct impact of a Boeing 747 airplane crash. 
Conventional demolition using a wrecking ball or demolition hammers 
would be ineffective and very slow.

To soften the building, arches were cut into the walls of the structure to 
remove some of the concrete and steel reinforcement. Charges were placed 
in the remaining ‘legs’ of the building, and detonated with timed delay fuses. 
The building dropped in a cloud of dust and rubble, bringing the dome of 
the building down to grade level where it could be further demolished by 
conventional methods. The controlled blasting saved many months of con-
ventional demolition, and saved time and money.

Controlled blasting was also used to drop the Maine Yankee turbine 
building – a more conventional method for its fi nal stage of demolition. The 
improvements in productivity by this method reduced the overall cost of 
the project, and led to the timely completion and termination of the site 
license.

At the Trojan nuclear plant in Oregon, the two huge 46-m hyperbolic 
cooling towers were also demolished by controlled blasting. The technique 
is gaining wide acceptance in the industry as more and more structures are 
demolished safely.

24.5.7 International experience in recycling materials

The US has been fortunate to have several low-level waste disposal sites at 
Barnwell, SC, Hanford, WA, Beatty, NV, and Clive, UT. These sites were 
originally open to all waste generators until the Waste Policy Act of 1980 
(Public Law 1980), and its Amendments (Public Law 1986). After that time, 
states were to form regional compacts and be host to as many as 16 new 
waste disposal facilities. Unfortunately, the additional sites never material-
ized (except for Texas and its original limited disposal facility, now con-
structing a federal waste and commercial waste disposal facility). The three 
existing sites were within their respective regional compacts, and were able 
to ban the disposal from non-compact state members. Barnwell, SC, 
remained open to out-of-compact generators, but announced in July 2008 
that it was closed to all generators except those states within the compact 
(South Carolina, New Jersey, and Connecticut).

The federal government constructed several disposal sites for waste 
arising from the DOE’s weapons facility decommissioning projects, but they 
are closed to commercial waste generators. The Waste Isolation Pilot Project 
(WIPP) in Carlsbad, NM, was dedicated to dispose of only transuranic 
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wastes from the weapons facilities. A large facility was constructed at the 
Hanford Reservation in Washington to handle low-level waste only from 
the Hanford cleanup program. Idaho National Laboratory was selected to 
store spent nuclear fuel from the Navy’s nuclear submarine and surface 
fl eet, and thousands of fuel assemblies are stored there.

Sweden and France have been the leaders in Europe in developing both 
low-level and spent nuclear fuel disposal sites. They integrated their opera-
tional reactor program with the disposal program, thereby ensuring their 
waste disposal and storage locations. Sweden has developed a smelting 
facility to melt low-level contaminated steel. The smelting causes the con-
taminants to fl oat to the surface of the crucible where they can be skimmed 
off and disposed of, and the steel recycled safely.

Similarly in the UK, the Nuclear Decommissioning Authority (NDA) 
funded and directed major decommissioning projects at Dounreay in 
Scotland, and at Sellafi eld in Cumbria. In Spain, ENRESA, the national 
waste management company, has developed and used for years the El 
Cabril facility for medium and low activity waste, where it recently added 
a very low activity repository for waste produced in the dismantling of the 
Vandellós I station.

The Canadian government, working with the Canadian utilities (primar-
ily Ontario Power Generation), has been developing its strategy and designs 
for waste disposal facilities. Currently, low-level radioactive waste is stored 
at the Radioactive Waste Operations Site at the Bruce NPP in Ontario. 
Spent nuclear fuel is stored at the reactor sites for about six years, and then 
transferred to dry storage casks. There are no plans to reprocess spent 
nuclear fuel in Canada. In March 1998, the Canadian Environmental 
Assessment Agency (CEAA) Panel reported to the Canadian government 
that the safety of a geologic disposal concept had been adequately demon-
strated. It concluded that the deep geologic disposal of high-level radioac-
tive waste (spent nuclear fuel or solidifi ed nuclear waste) 500 to 1000 meters 
deep within the stable plutonic rock of the Canadian shield constituted a 
safe and compliant passive long-term storage option.

Other countries are not so fortunate. The public sentiment against waste 
disposal facilities has thwarted the effort to site them, and caused utilities 
to store the wastes on the reactor sites. In an effort to minimize the wastes 
stored, governments have instituted a mandatory recycling program to 
decontaminate and reuse these materials in safe applications. In Germany, 
for example, no waste may be stored on site or at central temporary storage 
facilities until a dedicated effort has been made to decontaminate them for 
free-release. Those materials that cannot be decontaminated suffi ciently 
may be placed in these temporary storage facilities. Free-releasable materi-
als such as steel are being recycled to make steel rails for the railroads, and 
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clean or very low-level contaminated concrete is crushed and used for the 
railroad track beds.

These technological improvements are facilitating decommissioning and 
making good use of strategic materials.

24.5.8 Improved program management methods

The advent of computer applications to the management of decommission-
ing programs has been an effective tool to manage project schedules and 
budgets more closely. Computer programs such as Primavera have enabled 
managers to provide detailed tracking of individual activities with respect 
to schedule duration and budget management. Managers developed the 
project into a Work Breakdown Structure (WBS), a hierarchy of logically 
sequenced activities, and assigned individual budgets and schedules for each 
activity. Close tracking of progress against these budgets and schedules 
allows managers to identify potential problems early and to apply correc-
tive action to prevent overspending or schedule slippage. Computer runs 
are updated weekly so that problems do not develop unexpectedly.

These computer tools have not only improved productivity through the 
rapid identifi cation of problems, but provide instant feedback of meeting 
or missing key milestones. The milestones are often tied to the incentive 
programs for the project, which elevates the importance of corrective 
actions.

24.5.9 Greater emphasis on worker and public safety

Project safety is the responsibility of every manager of a major program. 
Safety programs have been recognized as vital to a successful project, as 
lost-time accidents can cause serious injuries to workers and delay the 
project. In the past, project managers would employ perhaps one radiologi-
cal safety manager and one industrial safety, manager. Now, there are entire 
departments dedicated to worker safety, performing worker training in all 
disciplines and ‘tool box’ safety meetings before each new task is begun.

At DOE programs, every DOC is required to incorporate an integrated 
safety management program into the overall project program. Safety is 
measured on the same scale as worker performance and budget manage-
ment. This principle has been carried into virtually every commercial 
decommissioning project in the US.

In the same manner, the management of public safety has increased its 
focus, and citizen advisory groups now participate in meetings on how a 
program is managed and what methods are being used to accomplish a 
diffi cult task.
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The reduction in lost-time accidents has been signifi cant. Insurance rates 
for projects are being reduced, thereby lowering costs. Workers, being more 
aware of safety, have been conscious of avoiding risks that could lead to 
accidents, thereby improving productivity. Everyone benefi ts from these 
programs and they have proved valuable to the industry.

24.5.10 Radioactive waste management planning

The international experience in radioactive waste management planning is 
extensive, and varies by country according to the availability of waste dis-
posal facilities. Countries with available waste disposal facilities include, for 
example, the US, UK, France, Sweden, Spain and Russia. Chapter 14 on 
spent fuel and radioactive waste management provides a more extensive 
description of waste management facilities and capabilities in current use. 
The US is fortunate to have three operating commercial disposal sites, and 
a fourth one under development. In general, waste management planning 
begins at the disposal site, and works backwards to the waste generator 
preparations for packaging and transport.

For those countries with operating disposal sites, generally accepted 
practices have been established for waste acceptance criteria based on the 
types of radionuclides, half-lives, concentrations, radiological dose consid-
erations, and hazard/toxicity levels (radioactive mixed wastes). The accep-
tance criteria establish specifi cations for disposal containers and waste 
conditioning (grouting of waste in containers or packaging reinforcement) 
to prevent long-term subsidence after site closure. Specifi c types of contain-
ers are identifi ed, such as 200-liter drums and intermodal containers, and 
more recently strong, tight fabric bags are being used. Under special appli-
cation, acceptable waste disposal packaging includes the intact component 
itself, such as entire steam generators, pressurizers, and reactor vessels. The 
generator must demonstrate that these intact components satisfy all the 
same regulatory requirements as specifi cation containers, or demonstrate 
that exceptions to the specifi cations do not endanger public health and 
safety.

The modes of transport include truck, rail and barge shipments depend-
ing on the package characteristics, dose level, weight and physical size. The 
number of specifi cation containers permissible by truck transport, for 
example, is limited by international safe transport guidelines established by 
the IAEA and adopted by virtually all countries. One-of-a-kind intact com-
ponent shipments are usually transported on a dedicated carrier (truck, rail 
or barge) and must meet all the same safe transport criteria of a 10-meter 
drop, drop onto a rigid post, immersion in water, and a 30-minute fi re test. 
Exceptions are permitted if it can be demonstrated there will be no impact 
on safety.
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For those countries without operating disposal facilities, wastes are being 
stored on site at the nuclear facility, or transported to a central storage 
facility where additional waste processing and conditioning is performed. 
For example, in Germany wastes from the nuclear power plants are sent to 
the Central Decontamination Department at Karlsruhe where various 
decontamination techniques are applied to separate and free-release mate-
rials. The remaining wastes are packed into 200-liter drums and the drums 
are loaded into half-height intermodal containers and grouted in place. The 
intermodal containers are transferred to storage until a national repository 
is approved for ultimate disposal.

In Sweden and in the US, Studsvik has developed a metal melting facility 
where radioactive metals are melted to separate the radioactivity (which 
fl oats to the top with the slag) from the remaining metal. The radioactivity 
is skimmed off the top and solidifi ed in containers for long-term storage, 
and the remaining metal can be either free-released or used to fabricate 
shielding blocks or waste disposal containers.

The disposition of spent nuclear fuel has taken several paths. A detailed 
description of spent fuel is considered in Chapter 14. Spent fuel is not truly 
a decommissioning waste, but arises as a signifi cant issue when decommis-
sioning a NPP. The location of the spent fuel in either a wet storage pool 
or dry casks on site represents a liability that must be accounted for when 
planning and implementing decommissioning. The site license cannot be 
terminated if fuel remains on site, and either the license is maintained, or 
a new spent fuel license is issued.

Fuel reprocessing was the early choice for disposition of the spent nuclear 
fuel, and the US was a leader in this technology. However, concerns for the 
proliferation of potential weapons-grade materials shut down this US indus-
try. Nevertheless, there are extensive facilities in France at COGEMA in La 
Hague, in Great Britain at Sellafi eld, in Japan at Rokkasho, in India at 
Kalpakkam, and in Russia at Mayak, successfully reprocessing commercial 
nuclear fuel. The alternative to reprocessing is temporary on-site storage in 
dry casks, and then ultimately deep geological disposal. This is the current 
practice in the US, with each reactor site storing its spent fuel in dry casks. 
In 1982, Congress passed the Nuclear Waste Policy Act (NWPA 1982) to 
build a deep geological repository at Yucca Mountain, NV, although work 
has temporarily been halted as the federal government seeks alternatives to 
deep geological disposal. There are several lawsuits by states, industry groups 
and regulator associations charging that the federal government does not 
have the right to override a Congressional decision to construct the facility. 
Other countries without reprocessing capability have been shipping their 
fuel for reprocessing at Sellafi eld and La Hague, for example, and accepting 
long-term liability for the residual wastes generated. The old USSR accepted 
spent fuel from the Eastern European countries and Finland.
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24.5.11 Lessons learned from sharing previous experience

The international interest in decommissioning prompted numerous agen-
cies to focus attention on decommissioning in addition to other nuclear 
operational topics they normally pursued. In the US, the Electric Power 
Research Institute (EPRI) is an organization funded by member utilities 
to perform research benefi cial to operating utilities. When decommissioning 
became of greater interest in the 1970s, EPRI dedicated a portion of its staff 
to address issues valuable to companies approaching ultimate shutdown. 
EPRI also monitored dismantling progress at several US commercial 
nuclear power plants and published reports on the lessons learned. EPRI 
has joined other agencies such as the American Nuclear Society in joint 
conferences on waste management and decommissioning.

The International Atomic Energy Agency (IAEA) similarly established 
a waste management and decommissioning section of its staff to provide 
standards and guidance documents for developing nations to use in creating 
regulations for each of their countries. The IAEA also sponsored studies 
on cost estimating and funding, and strategy selection, and in 2005 pub-
lished two TECDOC reports on these topics: Financial Aspects of 
Decommissioning (IAEA, 2005a). and Selection of Decommissioning 
Strategies: Issues and Factors (IAEA, 2005b). In December 2006, the 
IAEA sponsored an international conference in Athens, Greece, to provide 
a venue for the sharing of recent decommissioning experience (IAEA, 
2006b).

The Organization for Economic Co-operation and Development/Nuclear 
Energy Agency (OECD/NEA) has been active in the development of pro-
grams for the safe implementation of decommissioning. It celebrated its 
fi ftieth year of operation in 2008, and has been a major facilitator of new 
and emerging technologies for cost estimating and planning. In September 
2004, OECD/NEA sponsored a major international conference in Rome, 
Italy, for the exchange of recent experience. The OECD/NEA is currently 
working on programs to explore the differences in decommissioning cost 
estimates (OECD/NEA, 2010), standardizing decommissioning cost lists of 
activities, and providing guidance on cost controls.

The World Association of Nuclear Operators (WANO), originally formed 
to focus on operating reactor performance and programs, has more recently 
expanded to address decommissioning issues. In May 2005, it sponsored a 
decommissioning workshop in Malmö, Sweden, to allow the sharing of 
recent decommissioning experience.

The European Commission (EC) also sponsors research and develop-
ment of technologies to assist member nations to prepare for decom-
missioning. It joined forces with the IAEA and OECD/NEA to develop 
a Proposed Standardized List of Items for Costing Purposes in the 

�� �� �� �� ��



 Decommissioning of nuclear power plants (NPPs)  863

© Woodhead Publishing Limited, 2012

Decommissioning of Nuclear Installations (OECD/NEA, 1999), which is 
now being updated into the International Structure for Decommissioning 
Costs (still in draft form), adopted in the interest of preparing consistent 
formats and content of cost estimates. The US DOE and consulting com-
panies also contributed to these documents to further expand their 
applicability.

The ability to share information through these organizations is one of the 
distinctions that make the decommissioning industry unique. Few other 
industries in our history have so thoroughly dedicated resources to the 
advancement of technologies and experiences. It is by this mechanism that 
the industry can advance the science and improve the safety, lower the cost, 
shorten the schedule, and reduce the waste generation of these major 
projects.

24.6 Overview of the decommissioning phase 

of a nuclear power plant (NPP) lifecycle

An owner/licensee’s decision to shut down a NPP is often driven by more 
than one factor, and the evaluation needs to consider the impact of all the 
factors in a cost–benefi t analysis. The major factors include the end of the 
license life, the economic viability of continued operation, technological 
operating problems, and socio-political issues. These factors will be dis-
cussed in the following paragraphs.

• End of license life. Clearly the simplest driver is the end of the license 
life. Most NPPs are licensed for a period of about 40 years, which was 
established based on the typical life of a fossil-fueled power plant, and 
more importantly on the expected structural integrity of the reactor 
vessel after 40 years of neutron bombardment. Vessel steels begin to 
lose ductility when exposed to the neutron fl ux (dose) from radial core 
leakage beyond the core boundary. Periodically, vessel material samples 
are removed from the vessel and subjected to a Charpy Impact 
Test which provides a measurement of the Nil Ductility Transition 
Temperature (NDTT). The NDTT is the temperature to which the 
vessel must be heated before pressurization to prevent brittle fracture 
of the metal. When the NDTT equals or exceeds (within a safety margin) 
the normal operating temperature of the reactor, the vessel is deemed 
unsafe for continued operation and the plant must be shut down.

The technology of reactor vessel manufacturers has advanced to enable 
the vessel to be annealed by reheating the vessel in place to regain 
some ductility, but this has not been tried commercially. With the recent 
decommissioning experience in the US and internationally, it may also be 
possible to remove and replace the reactor vessel and continue operating 
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for potentially another 40 years. But again this has not been attempted 
commercially.

To date the common practice has been to shut down the reactor and 
decommission the NPP. The evaluation of the other drivers usually com-
pounds the decision to decommission the plant. It has been clearly estab-
lished that pressure vessels in currently operating nuclear power plants can 
safely operate for 60 years, or more, by establishing a complete and satisfac-
tory age monitoring program. The lives of current operating plants may be 
extended to 60 years and current nuclear designs offer an operating lifetime 
of 60 years.

• Economic viability of continued operation. The economic viability of 
continued operation depends on the cost of competing power sources 
in the region or connected to the power grid, and the cost of operating 
the NPP which includes fuel, labor, equipment replacement, taxes, insur-
ance, permits, and radioactive waste disposal. Presumably, competing 
power sources would represent newer NPPs, fossil-fueled power plants, 
or alternative technologies of wind or solar, which could be less costly 
to operate (although to date that has not been the case). The cost for 
nuclear fuel is currently a stable commodity, but future costs will depend 
on the marketplace and need to be evaluated at the time the plant nears 
the end of its life. Further, the cost for spent fuel storage, reprocessing 
or disposal needs to be factored into the cost–benefi t analysis. Labor 
costs are generally driven by infl ation, by trade union agreements, and 
by the numbers of personnel needed to operate the NPP. Equipment 
replacement costs become a major determinant for continued opera-
tion, as replacement of the steam generators of a pressurized water 
reactor represents a cost of about $500 million for a 1200 MWe NPP. 
The safety systems actually are maintained in virtually perfect operating 
condition as they are expected to have to perform their full safety func-
tion up until the very last day of operation in the event of an accident. 
Taxes, insurance and permits are essentially overhead costs that are 
fairly stable over the operating life of the plant. Radioactive waste dis-
posal costs increased rapidly over the fi rst 25 years of the current gen-
eration of operating nuclear plants, but have generally stabilized over 
the last 10 years due to market pressures, waste reduction technologies 
and alternative waste processing methods.

Each of these factors needs to be considered in cost–benefi t analyses 
before making decisions of shutting down a NPP for decommissioning. Risk 
assessments have become a major part of such analyses, as they provide 
guidance in ‘what-if’ scenarios addressing future continued operation. 
Several NPPs in the US, UK, France, Sweden, Spain and Germany were shut 
down for economic considerations. In Germany the Neckar-Westheim plant 
and in Spain the Vandellós 1 were closed because the cost of refurbishing 
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such plants to comply with regulatory requirements was too expensive. In 
Italy nuclear power plants were closed after a national referendum.

• Technological operating problems. Technological operating problems 
were prevalent in the early designs of NPPs in the 1950s and 1960s, as 
new technologies were tested and shown to be non-commercial or 
unsafe. The current generations of NPPs have been through the redesign 
process and have implemented operating cost reductions so they can 
compete commercially with fossil, wind, and solar energies. Operating 
problems such as leaking steam generators, fuel leakage problems, 
reactor vessel head corrosion, spent fuel storage capacity, and radioac-
tive waste disposal/storage have been dealt with as an operating expense. 
The economic viability of NPPs in the current power market has shown 
that the equipment replacement costs are small relative to the electricity 
generating capacity and potential profi ts from continued operation. 
Only when a plant nears the end of its license life (or extended life in 
some cases) do technological operation problems become an issue for 
consideration of shutdown.

• Socio-political issues. The socio-political issues of a NPP shut-down can 
represent a signifi cant impact on the local community. In some cases the 
local anti-nuclear sentiment was strong enough to drive the decision to 
shut down a viable NPP. A prime example of this was the Shoreham 
NPP in New York which only operated for three Effective Full Power 
days. The local concern of the potential for an accident with very limited 
emergency escape routes on overcrowded roads was suffi cient for the 
owner/licensee to shut down and decommission the unit prematurely. 
On the other hand, shutdown of a large NPP will put hundreds of 
workers out of jobs and affect the viability of the local community, 
causing a downward spiraling of the local economy. This impact is dis-
cussed more completely in the IAEA report, Financial Aspects of 
Decommissioning (IAEA, 2005a).

24.6.1 Pre-decommissioning activities

Once the decision to shut down a NPP has been made, there are a number 
of activities that must be performed to prepare for decommissioning. These 
activities include selecting the decommissioning strategy, determining the 
facility end point, establishing criteria for release of the facility, preparing 
regulator documents, identifying long-lead issues, staff training, and prepar-
ing a detailed cost and schedule estimate with a risk assessment. These 
activities will be discussed in the following paragraphs.

There are three generally accepted decommissioning strategies: immedi-
ate dismantling, safe enclosure, and entombment. The IAEA defi nes these 
as follows.
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• Immediate dismantling. Immediate dismantling commences shortly after 
shutdown (normally within 5 years).This period is known as the transi-
tion period necessary to prepare for decommissioning. Decommissioning 
is expected to commence after the transition period and continues in 
phases or as a single project until release of the facility or site from 
regulatory control.

• Safe enclosure. Decommissioning may be deferred for a period of up to 
100 years. Safe enclosure is a strategic option in which a facility or site 
is placed in a safe condition to allow for delayed decommissioning. 
During the safe enclosure period, a surveillance and maintenance 
program is implemented to ensure that the required level of safety is 
maintained. During the shutdown and transition phases, facility-specifi c 
actions are necessary to reduce and isolate the source term (removal of 
spent fuel and conditioning of waste) in order to prepare the facility/
site for the safe storage period.

• Entombment. Entombment is a strategy in which the remaining radioac-
tive material is encapsulated on site. A waste repository is effectively 
established and the requirements and controls for the establishment, 
operation and closure of waste repositories are applicable. Surveillance 
and maintenance, normally at a much lower level than in the case 
of safe enclosure, are required after entombment. Entombment as a 
decommissioning strategy is not commonly adopted.

The decision on a decommissioning strategy must also be based on an 
evaluation of several factors. The IAEA report Selection of Decommissioning 
Strategies: Issues and Factors (IAEA, 2005b). addressed the major issues to 
be considered in selecting a strategy for decommissioning. These issues 
include the following.

• National policies and regulatory framework
– Existence of policy documents that address the regulation of the 

nuclear industry on a national level
– Existence and extent of a legal framework covering a regulatory 

function and infrastructure as well as requirements and standards 
pertaining to decommissioning

– Authorizations/licenses including processes to ensure regulation of 
the full lifecycle of the facility including regulations for the planning 
and execution of decommissioning

• Financial resources/cost of option
– Availability of fi nancial resources
– Cost associated with a specifi c decommissioning option under 

consideration
– Rate at which fi nancial resources will be released and made available 

for decommissioning
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• Spent fuel and waste management system
– Existence of a national waste management policy and strategy
– Availability of facility-specifi c waste management plans
– Availability of waste management facilities, namely storage, process-

ing and disposal facilities
– Availability of spent fuel management strategy, plan and facilities

• Health safety and environmental (HSE) impact
– Safety/health risk of the decommissioning option
– Environmental impact of the decommissioning option
– Transport impact of the decommissioning option

• Knowledge management and human resources
– Physical status of the installation – integrity of buildings
– Radiological characteristics and the impact of a specifi c decom-

missioning option on the radiological characteristics of a specifi c 
installation

– Availability of suitably qualifi ed and experienced personnel
– Availability of suitable decommissioning technology and 

techniques
– Lessons learned from previous decommissioning projects
– Operational history and lack of information
– Existence of other operating nuclear facilities on site
– Reasons for plant shutdown

• Social impacts and stakeholder involvement
– Social impact of decommissioning option
– Public concerns and perceptions
– Reuse options, expectation and demands.

The key to selecting a decommissioning strategy is to understand the 
radiological, hazardous, and physical inventory of the materials present on 
site. This is accomplished by conducting a thorough site characterization 
program of the facility and site. The program includes a historical site 
assessment (HSA) of the activities conducted during operation to predict 
the extent and levels of contamination and activation in the facility and site. 
Sampling and surveys are conducted using approved instrumentation in 
accordance with sampling protocols approved by the regulator, and data 
are maintained under a qualifi ed quality assurance program. Data are ana-
lyzed by qualifi ed radiological and hazardous waste professionals and a fi nal 
report is issued for all potential users involved in the planning and imple-
mentation of the decommissioning project. these characterization data form 
the basis for all cost estimating, planning, decontamination, dismantling, 
waste packaging, transport, and disposal. The characterization data may be 
supplemented as additional information is uncovered as the fi eld imple-
mentation is conducted. The following aspects need to be considered:
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• Determination of facility/site end points. Decommissioning strategy 
selection must consider the facility and site end points desired. Whether 
the facility and site are to be free-released for reuse (greenfi eld) or 
retained under administrative control (brownfi eld) are key elements in 
selecting a strategy. There are no universally accepted defi nitions of 
greenfi eld or brownfi eld, and the specifi c conditions to be achieved for 
either of these end points must be clearly identifi ed at the outset.

• Establishment of the criteria for the release of the facility and site. Whether 
the strategy involves a greenfi eld or brownfi eld end point, the criteria 
for release of the site under each strategy should be identifi ed at the 
outset, and all parties and stakeholders made aware of this decision and 
its implications.

• Regulatory document preparation. All regulatory documentation notify-
ing the regulator of the intention to decommission needs to be 
fi led during the pre-decommissioning phase. Each country’s regulator 
may have specifi c requirements to be observed in preparing such 
documentation.

• Long-lead issues of planning/contracting. Decommissioning planners 
need to identify the long-lead issues, equipment and contracting require-
ments to have these resources available when needed in a timely manner.

• Staff training. In many cases, the owner/licensee will play an active role 
in the decommissioning of the facility. Few such operations personnel 
have the necessary detailed training for such work, and it is important 
to arrange for formal training courses either at the NPP facility or off-
site at a training facility.

• Preparation of detailed cost estimate, a schedule and risk management 
program. During the pre-decommissioning phase, a baseline cost esti-
mate, schedule, and risk assessments should be established. These docu-
ments should be living documents, adjusted and updated periodically as 
the program evolves and new information or changing conditions occur.

24.6.2 Transition phase

The transition phase of decommissioning is the period during which the 
management organization and facility change over from operations to 
decommissioning. The major issues involve identifying key personnel and 
retaining them for decommissioning, reassigning or terminating redundant 
personnel, removal of spent fuel to on-site storage, preparing the facility 
and site for decommissioning, and completing the site characterization 
program. These are discussed in the following paragraphs.

• Key personnel retention issues. The owner/licensee will likely participate 
in the detailed decommissioning activities to some extent, and 
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accordingly will need to identify key personnel to be retained until 
major milestones are accomplished. Early identifi cation is important to 
ensure these personnel will not seek employment elsewhere, and incen-
tive plans are generally offered to secure their service for the needed 
duration.

• Redundant personnel issue. Redundant personnel should be notifi ed 
early so they can make preparations for future employment. Owner/
licensee out-placement assistance can be a valuable tool for a smooth 
transition for these employees.

• Spent fuel removal to on-site storage. Transfer of the spent fuel to on-site 
storage (wet or dry) facilities may be accomplished during this period. 
Depending on the type of system used, this may require more than one 
year to accomplish, and may be on the critical path of major activities.

• Draining and securing systems. All non-essential (to decommissioning) 
systems can be drained and secured at this time. The operating plant 
staff is generally used for this work.

• Preparing the site and facility for decommissioning. To facilitate the 
increased fl ow of vehicular traffi c during decommissioning, changes to 
the security fencing and number of gates may be modifi ed and increased. 
Additional security equipment, vehicular radiological survey equip-
ment, weighing scales, and closed circuit TV (CCTV) systems may be 
installed.

• Site radiological and hazardous material characterization. Continuation 
of the facility and site radiological and hazardous material characteriza-
tion program should be conducted at this time. As noted earlier, char-
acterization is a continuing activity as new conditions arise and additional 
information is uncovered.

24.6.3 Contracting phase

In many cases the owner/licensee may decide to use the services of an 
experienced decommissioning operations contractor (DOC) to manage the 
decommissioning activities. The special management experience of a DOC 
can be a major asset to a successful and cost-benefi cial program. Selecting 
a contractor consists of soliciting bids, evaluating bids, contract negotiations, 
award of contract and mobilization. The following paragraphs describe 
these activities.

• Preparation of decommissioning operations contractor (DOC). The 
owner/licensee must prepare bid specifi cations identifying the scope of 
work intended for the DOC, the schedule for performance, terms and 
conditions, and the type of contract to be awarded. Typical contract 
types include:
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– Time and materials. The DOC is paid its standard cost plus fee for 
each individual for the hours worked, plus the cost of expenses for 
offi ce space, utilities, travel, and other miscellaneous items.

– Fixed-price (lump sum). The DOC is paid a fi xed amount (sometimes 
called a lump sum) for the complete project (paid upon completion 
of milestones). No change orders are generally permitted unless the 
work scope changes.

– Cost-plus-fi xed fee. The DOC is paid all of its costs for labor and 
materials, plus a fi xed fee (profi t) based on successful delivery of the 
work scope.

– Cost-plus-incentive fee. The DOC is paid all of its costs for labor and 
materials, plus an incentive fee for the work-scope performed by a 
specifi ed delivery date, and a penalty for late delivery. Incentive fees 
are generally higher than a fi xed fee, and penalties are proportion-
ately severe.

In each of these cases it is important for the owner/licensee to carefully 
identify the work scope and get written agreement with the bidder as to 
what is desired. Failure to follow this work-scope identifi cation usually ends 
in costly and time-consuming litigation.

• Solicitation of bids and evaluation of bidders. The owner/licensee should 
secure three or more qualifi ed bidders for the solicitation. This process 
may require six months to a year to accomplish, as the bidders need 
suffi cient time to analyze the project and prepare their bids. The bid 
evaluation process itself can take an additional six months for a fair 
assessment. In some cases, the owner/licensee may secure the services 
of an independent consultant to evaluate the bids on a consistent basis.

• Selection of bidder and contract negotiations. Bidder selection is fol-
lowed by negotiation of the contract terms and conditions, contract 
pricing, delivery schedule, and proposed organization personnel assi-
gned to the project. These negotiations may require six months to 
accomplish.

• Early mobilization of contractor. The successful DOC will require 
several months to mobilize his staff (and in some cases, heavy equip-
ment needed for the project) on site. Getting adequate telephone service 
for the DOC staff can sometimes be a challenge in itself. Purchasing 
computers, printers, fax machines, and getting the staff familiar with 
their use is necessary ‘non-productive’ time.

24.6.4 Decommissioning planning by contractor/owner-
licensee or DOC

On-site decommissioning planning can require as much as one year to 
prepare all the program documentation and to secure approvals for the 
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work. This planning effort includes an organization plan, personnel assign-
ments, project management planning, detailed procedures, work plans and 
permits, implementing facility and site modifi cations, and equipment pur-
chase or leasing. The DOC may already have prepared some of these docu-
ments in its proposal. These activities will be described in the following 
paragraphs.

For the purposes of the following descriptions, the immediate dismantling 
strategy will be assumed as it is the most complete of the possible strategies. 
safe enclosure or entombment are deferral strategies, but ultimately will 
require some level of dismantling similar to immediate dismantling.

• Development of organization plan. The project organization plan identi-
fi es how the project organization will be managed, and is generally 
linked to the work breakdown structure (described later) of the activi-
ties to be performed. The organization plan provides the functional 
relationship of each of the management positions and their roles and 
responsibilities.

• Personnel assignments. Once the organization plan is developed, person-
nel assignments can be made and hiring (as needed) initiated. As noted 
earlier, key personnel will be retained for specifi c work as tied to the 
milestones of the project.

• Project management planning. Management planning includes all those 
activities such as a project policy manual, quality assurance manual and 
procedures, radiological safety and health physics policies and proce-
dures, industrial safety policies and procedures, cost and schedule control 
system, risk management system, purchasing policies and systems, engi-
neering procedures, and documentation and drawing controls.

• Preparation of detailed procedure. Detailed procedures describe what 
work is to be performed and how to accomplish the work. Specifi c guid-
ance is included as to where to make cuts in piping, how to remove 
major components, how to de-energize electrical equipment, or how to 
demolish concrete structures. Prerequisites and safety provisions are 
identifi ed, and a checklist of completed steps is provided. All necessary 
approvals are identifi ed before any fi eldwork can be performed.

• Preparation of work plans and permits. Work plans and permits are the 
fi nal documentation needed before fi eldwork may begin. They include 
specifi c radiological controls, personnel protection, industrial safety con-
trols, fi re permits (for thermal cutting, for example), confi ned entry 
permits, and area ventilation controls.

• Facility and site, and security modifi cations for decommissioning. At this 
time, all facility and site modifi cations and security modifi cations may 
be completed. These include additional change rooms, laundry facilities, 
fi ltered air-mask cleaning stations, and waste management area arrange-
ments for transport and disposal.
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• Equipment purchase/leasing. Major equipment such as cranes, front-end 
loaders, fork lifts, and specialized equipment such as vessel and internals 
cutting equipment, are long-lead items. They will require purchase 
specifi cations, bidding, award and contracting in a timely manner to have 
the equipment available when needed. Purchase or leasing decisions 
need to be made based on a cost–benefi t analysis for each major 
purchase.

24.6.5 Decommissioning and dismantling activities

The decommissioning and dismantling phase represents the physical work 
associated with characterizing the facility, then removing and dispositioning 
the equipment and structural materials for disposal.

• Verifi cation of characterization of facility and site. As noted earlier, 
characterization is an on-going activity as conditions change during 
decommissioning and new information is uncovered. During the decom-
missioning activities, the characterization information obtained earlier 
should be verifi ed and updated.

• Removal of redundant systems and structures. All non-essential (to 
decommissioning) redundant systems and structures may be dismantled 
and removed. These include the turbine-generator, condenser, feedwa-
ter and condensate systems, high-pressure and low-pressure safety injec-
tion systems, and portions of the component cooling water systems not 
related to building air conditioning. Material that can be removed opens 
up additional areas for laydown of components and piping in prepara-
tion for packaging and transport for disposal.

• Removal of the large components (steam generators, pressurizers, reactor 
coolant pumps). The large components such as the steam generators, 
pressurizers and reactor coolant pumps can be removed at this time. 
These are major components, and each will require engineering analy-
ses, rigging analyses, packaging approvals, transport approvals and dis-
posal arrangements. The large size of these components requires 
multi-wheel transporters, and favors barge or rail transport when avail-
able, or they may be further segmented to be handled by truck 
transport.

• Removal of the reactor vessel internals. Removal of the reactor vessel 
internals must be accomplished by remote or semi-remote methods 
because of the very high dose rates emanating from the internals. 
Specialty contractors are usually retained for this work, which have the 
tooling and experience to perform the cutting operations. Cutting 
methods such as plasma arc torches, high-pressure abrasive water jet 
cutting, and mechanical cutting have been used successfully for this 
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work. In some cases such as in the Trojan NPP in the State of Oregon, 
the owner/licensee was permitted to leave the internals in place and 
remove both the vessel and internals intact for disposal. But these are 
one-of-a-kind evolutions which require special regulatory approval.

• Removal of the reactor vessel. The reactor vessel head is removed, seg-
mented if necessary and transported for disposal as low-level radioac-
tive waste. The reactor coolant piping is disconnected from the vessel 
by cutting with milling cutters or diamond wire saws, and disposed of 
as radioactive waste. The other reactor vessel appurtenances (in-
core instrumentation, level indicators and water sampling piping) are 
removed and disposed of as radioactive waste. The reactor vessel may 
be grouted in place if the existing carriage can be modifi ed to handle 
the extra loads, or lifted from the reactor cavity and loaded into its 
shielded transport container outside the containment building. Grouting 
may then be performed to secure the vessel in the container and to 
provide additional shielding as required. The vessel is usually trans-
ported by multi-wheel transporters on site to a barge facility or rail 
siding for transport to the disposal facility.

• Demolition of radioactive structures. All remaining radioactive struc-
tures or potentially radioactive structures can be removed at this time. 
These include the biological shield, supporting structural steel and con-
crete, and all contaminated concrete may be demolished by conven-
tional methods. In some cases, controlled blasting has been used 
successfully for massive concrete sections. Otherwise, hydraulic rams 
mounted on a backhoe (a ram-hoe), or an excavator have been used.

• Survey and sampling for determination of license termination require-
ments. Upon the removal or the last of the radioactivity, the fi nal survey 
and sampling program may be initiated to certify that the license may 
be safely terminated. All necessary documentation is submitted to the 
regulatory agencies, and the regulatory agency’s independent verifi ca-
tion contractor confi rms the license termination requirements have 
been met. The license may then be terminated.

• Demolition of structures. Demolition of the remaining structures such 
as the containment building, auxiliary building, turbine building, diesel-
generator building and intake and discharge structures may be accom-
plished by conventional methods. In some cases, controlled blasting has 
been used as was done at the Maine Yankee NPP in the US, to lower 
the containment dome so that conventional hydraulic ram-hoe methods 
could be used.

• Restoration of site. The remaining site may be restored to either a green-
fi eld or a brownfi eld condition. As noted earlier, there are no universally 
accepted defi nitions of these terms, and a pre-agreed condition must be 
in place before work begins.
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24.7 Management of decommissioning waste and 

the recycling of materials

The key to successful decommissioning is the planned and organized man-
agement of waste disposition and recycling of materials. All the decommis-
sioning planning, technologies, and implementation activities are futile if 
the disposition of the waste is not properly addressed. As noted earlier, 
detailed decommissioning planning needs to start at the waste disposal or 
storage facility, and worked backward to the NPP for planning how to meet 
the requirements and waste acceptance criteria of the disposal or storage 
facility. This section will discuss the classes of waste, sources and waste 
streams, and packaging, transport and disposal or storage.

24.7.1 Decommissioning wastes

The disposition of wastes requires conformance to the waste acceptance 
criteria (WAC) of the disposal or storage facility. The WAC involves clas-
sifying the waste, identifying the waste streams, quantifying the concentra-
tions and volumes or weights, and the means for packaging, transport and 
disposal or storage.

Classes of waste

Waste classifi cations are generally well established internationally. There 
are six accepted classifi cations: Exempt Waste, Very Short Lived Waste, Very 
Low Level Waste, Low Level Waste, Intermediate Level Waste, and High 
Level Waste. These are defi ned by the IAEA in its General Safety Guide 
GS-G-1 (IAEA, 2009).

By comparison, the US Nuclear Regulatory Commission identifi es only 
three levels of low-level waste, Classes A, B and C. These waste classifi ca-
tions are identifi ed in Title 10 of the Code of Federal Regulations, Part 
61.55 (US NRC, 2011), and are classifi ed by specifi c radionuclide and 
concentration:

• In simple terms, Class A waste is waste that is usually segregated from 
other waste classes at the disposal site. If Class A waste also meets 
certain stability requirements, it is not necessary to segregate the waste 
for disposal.

• Class B waste is waste that must meet more rigorous requirements on 
waste form to ensure stability after disposal.

• Class C waste is waste that not only must meet more rigorous require-
ments on waste form to ensure stability but also requires additional 
measures at the disposal facility to protect against inadvertent 
intrusion.
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• Waste that is not generally acceptable for near-surface disposal is waste 
for which form and disposal methods must be different, and in general 
more stringent, than those specifi ed for Class C waste. This waste is 
called Greater-Than-Class-C (GTCC) wastes. This waste is likely to be 
disposed of as High-Level Waste.

The US NRC identifi es high-level waste as the wastes from reprocessing 
of spent nuclear fuel, which will ultimately be disposed of in a deep geologi-
cal repository. Spent nuclear fuel is currently stored on site at the NPPs in 
dry casks awaiting a deep geological repository. Transuranic wastes are from 
the US nuclear weapons complex and are currently disposed of at the Waste 
Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico.

In Title 10 of the Code of Federal Regulations, Part 20 (US NRC, 2007), 
the US NRC may grant free release of radioactive waste on a case-by-case 
basis, provided the activity does not exceed 1 mrem/year (0.01 mSv/year). 
Such waste may be disposed of in a landfi ll.

Sources of waste – contamination and activation

There are two sources of radioactive products at a NPP: fi ssion and activa-
tion. Fission and activation are the two nuclear reactions which may produce 
radioactive isotopes; these radioisotopes may contaminate other materials 
or become part of them and so produce radioactive waste. Radioactive 
fi ssion products may be released from leaking fuel elements, including 
short-lived radionuclides, as gases of xenon-133 and 135, and iodine-129 and 
131, strontium-90, cesium-137 and transuranics. From a decommissioning 
standpoint, xenon and iodine will be essentially gone by radioactive decay 
by the time decommissioning begins. However, strontium, cesium and trans-
uranics will remain as contamination on the internal surfaces of the reactor 
vessel and internals, steam generators, pressurizers and reactor coolant 
piping. Another source of contamination is from minute particles caused by 
erosion of the metallic materials used in the reactor coolant system which 
are irradiated by the core as they pass through the system. These particles 
(sometimes called CRUD from their discovery at the Chalk River 
Laboratory in Canada as an Undefi ned Deposit) are also deposited on the 
interior surfaces of systems in contact with the reactor coolant system. They 
may also be observed on the exterior surfaces from leakage or spillage of 
the coolant. Contamination levels may be reduced or eliminated using 
various decontamination solvents or chemical processes.

Activation is associated with the reactor vessel and internals from direct 
neutron bombardment from the core. The radioactivity is distributed 
throughout the material as opposed to collecting on the surface, and in 
general reduces in source strength farther from the core. The biological 
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shield surrounding the vessel is usually activated to one or more meters 
from the interior surface, to levels exceeding free release. There is no known 
method for decontaminating activated materials.

Waste streams

From a decommissioning standpoint, waste streams originate from both 
contamination and activation. In general, the waste streams are (1) con-
tamination: piping and components, electrical cable, conduit and switchgear, 
concrete and steel structures, soils, groundwater, dry active wastes, protec-
tive clothing, and fi lters; and (2) activation: reactor vessel and internals, and 
the biological shield.

Packaging, transportation and disposal/storage

Waste management involves the selection and use of packaging of the 
radioactive materials for safe transport for storage or disposal. There are 
numerous documents from the IAEA on the various packages for waste 
disposal from decommissioning. Suffi ce it to say that most waste materials 
are packaged in 200-liter drums or in full-size or half-size intermodal con-
tainers for transport and storage or disposal. Exceptions are the reactor 
vessel and internals which require a specially designed container for the 
vessel, and a licensed shielded cask for the internals for transport with a 
disposable liner. Container selection, and transport methods and safety 
measures require an engineered analysis of the radiological contents based 
on the characterization information, and the routes and modes of transport 
to be employed.

For those countries with an approved operating disposal facility, disposal 
is the obvious option. For those countries without a disposal facility, tem-
porary storage is the likely option. As discussed later, waste processing for 
free-release or restricted reuse is an alternative to direct disposal or storage.

24.7.2 Recycling wastes

The limitations on available disposal space make recycling and reuse a 
valuable and cost-effective means for disposal. To take advantage of this 
approach, accepted criteria for free-release must be agreed upon, and 
proven methods used to decontaminate materials so they may be safely 
recycled. This section describes these considerations.

Criteria for free-release

When considering free-release of materials, the radiological status of the 
material can be determined from the characterization program data. 
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However, the criteria for free-release are usually a regulatory function 
often subject to strong stakeholder input and acceptance. Many a decom-
missioning program has been halted or delayed because of the lack of 
proper communication of free-release criteria to be used. That is why it is 
important to establish the criteria at the outset of the program to avoid 
last-minute stakeholder intervention.

Segregation and free-release

One of the lessons learned from recent decommissioning programs is the 
use of off-site waste processors. These contractors accept waste at their 
facilities and further segregate the materials for decontamination or direct 
disposal, or free-release. The cost–benefi t of these waste processors has 
been shown to be very effective in reducing the amount of waste to be 
buried.

Decontamination and free-release

Early decommissioning programs endeavored to perform decontamination 
on site to achieve free-release of materials, but they were often ill-equipped 
to achieve these objectives and resorted to direct disposal. However, more 
recent experience has shown that certain decontamination processes are 
effective in free-releasing materials. In particular, electropolishing (reverse 
electroplating) has been successfully performed at the Gundremmingen 
NPP in Germany. More than 300 metric tons of material was free-released 
by this process. It should be noted that in Germany, the law requires the 
licensee to attempt decontamination for free-release before it is permitted 
to dispose of radioactive waste at a burial facility.

Smelting, segregation and free-release

Another waste processing technique that has achieved some success is 
smelting of radioactive metals for either free-release or restricted reuse. In 
Sweden and now in the US, Studsvik has developed a smelting facility to 
melt surface-contaminated metals and segregate the contamination in the 
slag on the top surface of the melt. The slag is skimmed off the top and the 
remaining material may be either free-released or reused as shielding 
blocks or waste packaging.

Criteria for the applications for reuse

Reuse of salvageable equipment is another way to reduce waste disposal. 
The materials must be certifi ed as non-radioactive by the most stringent of 
regulatory controls to prevent inadvertent release of these materials to the 
public for reuse. Typically, a 100% survey of all surfaces is required to certify 
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a piece of equipment or material for reuse. Such items as diesel-generators, 
pumps, motors, switchgear, cranes, and fans are candidates for reuse. 
However, in general their resale value may be less than 10% of the original 
purchase price. A cost–benefi t analysis should be performed to determine 
whether the cost to remove a component carefully for reuse will generate 
suffi cient return on investment to cover the cost of removal.

24.8 International experience

The large number of power reactors worldwide has produced a wealth of 
valuable experience in decommissioning. It is not possible to cover all of 
this experience in this book, but some of the major contributions will be 
described herein.

24.8.1 North American experience

As noted earlier, in the US the demonstration reactors of the late 1950s 
and early 1960s provided valuable lessons in operating characteristics for 
this developing technology of nuclear power. These plants, including Hallam 
in Nebraska, Piqua in Ohio, BONUS in Puerto Rico, Elk River in Minnesota, 
and Saxton, and Shippingport in Pennsylvania, were the early training 
ground for the commercial nuclear program in the US. But as each of these 
reactors completed its intended research or demonstration technology, it 
was shut down and decommissioned. Decommissioning also provided valu-
able lessons learned in decontamination, vessel and internals cutting tech-
nology, concrete cutting and demolition, concrete blasting, and building 
entombment for long-term safe storage. The technologies used today in 
recent decommissioning programs are extensions of this early technology 
augmented by the advent of computer controls, larger-scale demonstrations 
and heavier equipment lifting and transport methods.

In Canada, the Douglas Point NPP PHWR was shut down in 1984 and 
placed in safe enclosure. Similarly, the Gentilly Unit 1 NPP BWR was shut 
down in 1982 and also placed in safe enclosure. Both of these plants were 
early versions of the CANDU reactor design.

In North America, larger NPPs were decommissioned for various reasons 
and the experience learned from each project served to provide a techno-
logical basis for planning and implementing the subsequent project. A 
summary of this experience is shown in Table 24.1.

24.8.2 European experience

In a similar manner many of the advanced European countries followed 
the same pattern of development, building and testing new reactor designs 
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and molding a framework of nuclear power generation. Some of these 
designs were successful and some were not, as was experienced in the US. 
Table 24.2 summarizes the status of operating reactors and those shut down 
for decommissioning. The lessons learned from this experience have 
advanced the technological knowledge internationally.

24.8.3 Asian experience

As the growth of nuclear power expanded internationally, Asian countries 
joined in the development process. Some of the same technologies were 
used, with variations based on improvements from the earlier experience 
in other countries. Eventually, these early reactor designs were determined 
to be redundant and the NPPs were shut down for decommissioning. Table 
24.3 summarizes the Asian reactors undergoing decommissioning.

24.9 Sources of further information and advice

There is a wealth of information on decommissioning published by inter-
national agencies, government organizations and professional societies. 
Thanks to the Internet, much of this information is readily available and 
accessible. Historical records and documents provides a means for deter-
mining lessons learned, and recent current experience provides a basis for 
state-of-the-art engineering and planning. Prudent planners will avail them-
selves of this information before embarking on a major decommissioning 
project. This section describes some of the sources of this information.

24.9.1 International Atomic Energy Agency (IAEA)

Sources of additional information are available from a number of agencies. 
The IAEA, a member of the United Nations, is widely recognized by 
Member States, nuclear regulatory organizations and the nuclear industry. 
It publishes documents on virtually all aspects of nuclear energy, including 
decommissioning of NPPs. The IAEA Safety Standard Series is published 
in three categories: Safety Fundamentals, Safety Requirements, and Safety 
Guides.

• Safety Fundamentals provide the objectives, concepts and principles of 
protection and safety and provide a basis for safety requirements.

• Safety Requirements establish the requirements to be met to provide 
protection of humans and the environment.

• Safety Guides provide recommendations and guides on how to comply 
with the safety requirements.
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These documents are supplemented by technical documents (TECDOCs) 
on specifi c topics which may be obtained from the IAEA website, www.
IAEA.org.

24.9.2 Organization for Economic Co-operation and 
Development/Nuclear Energy Agency

The OECD/NEA has already been described earlier in the text for their 
major contributions to decommissioning technology and publications. Their 
continuing role in supporting and developing standards and guidance is a 
valuable resource for the industry. They may be accessed on the Internet at 
www.OECD-NEA.org.

24.9.3 United States of America: Offi ce of Environmental 
Management – Department of Energy

In general, the US Department of Energy (US DOE) Offi ce of Environmental 
Management (EM) is primarily concerned with decommissioning of former 
US weapons facilities. The US DOE/EM complex of facilities involves more 
than 150 sites in 30 states, and the decommissioning budget is currently 
estimated at $220 to $300 billion. The research and development work 
performed by the US DOE has direct relevance to NPP decommissioning, 
although no specifi c reference is made to NPPs. The US DOE has sponsored 
several decommissioning handbooks, the most recent one having been pub-
lished by the American Society of Mechanical Engineers in 2004 (Toboas 
et al., 2004).

As guidance for contractors performing decommissioning work within 
the weapons complex, the US DOE published DOE Orders describing the 
requirements for virtually all aspects of decommissioning and waste man-
agement. Additional information may be obtained from the US DOE 
website, www.em.doe.gov.

24.9.4 US Nuclear Regulatory Commission

The US Nuclear Regulatory Commission (US NRC) is the principal regula-
tor for NPP decommissioning. Regulations for decommissioning are covered 
in Title 10 of the Code of Federal Regulations, Parts 2, 50 and 51, and there 
are related parts of the Code dealing with radiological health and safety, 
waste management and spent nuclear fuel. To provide guidance to licensees, 
the US NRC issued Regulatory Guides describing acceptable methods of 
complying with the regulations. Technical studies and reports on topical 
issues are published as NUREG documents, which provide additional non-
binding guidance for licensees. The US NRC review staff prepared Standard 
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Review Plans identifying specifi c issues to be reviewed, and the acceptance 
criteria against which the decommissioning plans and procedures would be 
approved. The US NRC also published these documents for the licensees 
as further guidance. Additional information may be obtained from the US 
NRC website, www.nrc.gov.

24.9.5 United Kingdom

In the UK, the responsibility for managing the decommissioning of the 
commercial MAGNOX NPPs, uranium enrichment, fuel fabrication, fuel 
reprocessing facility, low-level waste disposal facility, and research and 
development facilities was assigned to the Nuclear Decommissioning 
Authority (NDA) in 2005. This quasi-governmental agency is responsible 
for funding all decommissioning work at these sites, a £73 billion liability. 
Some of the funding is derived from the remaining two operating NPPs, 
and the balance of the funding is provided by the Treasury. In 2006, the 
NDA issued its Strategy Document setting out the six principal goals of the 
NDA: Site Restoration, Business Optimization, Spent Fuels, Integrated 
Waste Management, Manage Nuclear Materials, and Managing the Critical 
Enablers. Additional information may be obtained from the NDA website, 
www.nda.gov.uk.

24.9.6 Other countries

Other countries have signifi cant decommissioning programs underway, 
including Canada, France, Germany, Belgium, the Netherlands, Sweden, 
Spain, Italy, Switzerland, Austria, Slovenia, Russia, Lithuania, Romania, 
Bulgaria, Ukraine, Japan and Korea. It is not possible to cover all these 
countries in any depth in this chapter. Suffi ce it to say, the experience 
learned from recent decommissioning programs is being effectively applied 
in these countries. The Internet websites for these countries and their 
nuclear decommissioning programs can provide additional insight into their 
programs.
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Appendix 1
The justifi cation test for new nuclear power 

development: United Kingdom experience

W. E. A. WILSON, Burges Salmon LLP, UK

Abstract: Justifi cation was fi rst proposed as a regulatory principle by the 
ICRP, and in its original form it simply required that any practice 
involving radiation exposure should do more good than harm. This 
chapter considers the way in which the justifi cation test has been 
developed as an IAEA Fundamental Safety Principle, elaborated by 
several key legal challenges and case law in the United Kingdom and 
the European Court of Justice, further developed in successive Euratom 
Directives, and is now being applied as a key component of regulatory 
consenting in the United Kingdom to the development of new nuclear 
power.

Key words: justifi cation, Euratom, European Court of Justice and UK 
legal challenges, Justifi cation Regulations.

A1.1 International Commission on Radiological 

Protection (ICRP) and origins

A1.1.1 Background

Justifi cation was fi rst proposed as a regulatory principle by the International 
Commission on Radiological Protection (ICRP), and in its original form it 
simply required that any practice involving radiation exposure should do 
more good than harm. As such, it has been a component part of radiological 
protection legislation for a number of years. The justifi cation test has since 
been adopted by the International Atomic Energy Agency (IAEA) as one 
of its fundamental safety principles, and has been both elaborated by the 
ICRP and incorporated in a series of Basic Safety Standards Directives 
made under the Euratom Treaty.

This kind of test is relatively easy to apply where the advantages of a 
‘practice’ are self-evident, notwithstanding its minor radiological detri-
ments. For example, with smoke detectors the benefi ts are self-evident, 
while the detriments are reckoned to be small, despite the presence in some 
devices of americium-241. It is only when smoke detectors are stored in 
bulk, such as in warehouses, that regulation becomes an issue. The test is 
also straightforward to apply where the opposite is the case, and even a 
marginal radiological detriment is not really justifi ed by the nature of the 
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product. Examples frequently given are radioactive or luminous fi shing 
fl oats. The Health Protection Agency at Harwell, England, has in a display 
stand at its training centre even stranger examples in this latter category, 
such as compressed gas cartridges for making carbonated drinks that 
proudly advertised the fact that they would add radon as well as carbon 
dioxide.

However, justifi cation can be a harder principle to apply to more complex 
practices such as nuclear installations. In the United Kingdom between the 
early 1990s and 2001, the application of the justifi cation test became greatly 
elaborated and complicated, in part in response to a series of legal chal-
lenges brought by anti-nuclear non-governmental organisations (NGOs) to 
government decisions, particularly over the THORP and MOX plants at 
Sellafi eld. This, together with brisk arguments within government depart-
ments about the precise application and scope of the justifi cation test, led 
to very considerable elaboration of justifi cation decisions, as government 
departments sought to head off challenges brought for judicial review of 
their administrative decisions by trying to show that each aspect of the test 
had been considered.

In the United Kingdom the justifi cation test is now separated out from 
the rest of the Euratom Basic Safety Standards Directive implementation, 
and is applied by specially written regulations which describe how and by 
whom the test is to be applied. With the move towards the introduction of 
new nuclear power in the United Kingdom, application of the justifi cation 
test will be an important milestone in the regulatory and consenting process, 
and may yet result in further legal challenges. The Nuclear Industry 
Association (NIA) has put forward several descriptions of design of new 
nuclear plant in an attempt to seek government approval of their justifi ca-
tion as generic practices. The government has consulted publicly on these 
proposals, and a fi nal determination was made in October 2010.

A1.1.2 ICRP 60

The ICRP is an independent international body of experts which provides 
guidance on topics related to protection of human health from the harmful 
affects of ionising radiation. ICRP Publication 60 provided that the detri-
ment to be considered is not confi ned to that associated with radiation – it 
includes other detriments and costs of the practice. Often the radiation 
detriment will be a small part of the total (ICRP, 1991).

A1.1.3 ICRP 77

ICRP Publication 77 restated the justifi cation test and made it clear that 
the justifi cation of a practice requires only that the net benefi t of the 
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practice be positive. It stated that ‘waste management and disposal opera-
tions are an integral part of the practice generating the waste. It is wrong 
to regard them as a free standing practice that needs its own justifi cation’ 
(ICRP, 1997, p. 13, para. 6.1.1 (34)).

In 2007 the ICRP made further recommendations that the occupation 
dose limit given in ICRP 60 in 1990 be retained, and that for planned expo-
sure situations, during the normal operation of a nuclear power station, the 
limit should be expressed as 20 mSv per year, averaged over defi ned fi ve-
year periods, that is 100 mSv over fi ve years without exceeding 50 MSv in 
any single year (ICRP, 2007, Executive Summary, pp. 11–16). This ICRP 
publication did not recommend any fundamental changes to the application 
of the main justifi cation test.

Of course, the justifi cation test advocated by the ICRP needs to be read 
in context with the other two tests recommended by that body, namely 
optimisation and dose limitation.

A1.1.4 IAEA Fundamental Safety Principles

The IAEA established a new primary IAEA Safety Standard, known as the 
Fundamental Safety Principles in September 2006. This brought together a 
broad international consensus on the elements of nuclear safety and protec-
tion against ionising radiation. It gave expression to 10 safety principles and 
explained their intent and purpose. These were to provide the grounds for 
establishing requirements and measures for the protection of people and 
the environment against the risks from ionising radiation, and to provide 
the basis for the safety of facilities and activities giving rise to such risks. 
One of the 10 principles was ‘Justifi cation of Facilities and Activities’.

The fundamental safety principle covering justifi cation is quite simply set 
out in the IAEA Safety Standards Series. Principle 4 on justifi cation of 
facilities and activities that give rise to radiation risks states that they must 
yield an overall benefi t, and provides that ‘for facilities and activities to be 
considered justifi ed, the benefi ts that they yield must outweigh the radiation 
risks to which they give rise. For the purposes of assessing benefi t and risk, 
all signifi cant consequences of the operation of facilities and the conduct 
of activities have to be taken into account’ (IAEA, 2006, para. 3.18).

The IAEA statement explains that decisions on benefi t and risk are 
sometimes taken at the highest levels of government whilst in other cases 
it is appropriate for the regulatory body to determine whether the proposed 
facilities and activities are justifi ed. Medical radiation exposure of patients 
is expressed to be a special case in that the benefi t is primarily to the patient. 
The justifi cation is considered specifi cally for each procedure and then on 
a patient-by-patient basis. Reliance is placed on the clinical judgement as 
to whether the procedure would be benefi cial. As the IAEA notes, such 
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clinical judgement is mainly a matter for medical practitioners who must 
therefore be properly trained in radiation protection. Beyond that, it may 
be noted that the IAEA expression of Fundamental Safety Principle 4 on 
justifi cation is suffi ciently wide that it would be hard to argue in the national 
context that any signifi cant consequence of the operation of facilities and 
conduct of activities could properly be excluded from the consideration of 
justifi cation.

A1.2 European Atomic Energy Community (Euratom) 

legislation and European Court of Justice and UK 

case law on justifi cation

A1.2.1 Directive 80/836/Euratom

Justifi cation as a principle of regulation of safety in the handling of ionising 
radiation was fi rst adapted by the European Council (EC) in a Euratom 
Directive in 1980 (EC, 1980). Article 6(a) of Directive 80/836/Euratom 
provided that ‘.  .  .  .  every activity resulting in an exposure to ionising radia-
tion shall be justifi ed by the advantages which it produces.  .  .  .’ (p. 1).

A1.2.2 Directive 84/467/Euratom

Some minor changes were made to the incorporation of the justifi cation 
test in Directive 84/467/Euratom (EC, 1984), where the relevant provision 
in Article 6(a) was changed to ‘.  .  .  the various types of activity resulting in 
exposure to ionising radiation shall have been justifi ed in advance by the 
advantages which they produce’ (p. 4).

A1.2.3 Reading directives with ICRP standards

The important case before the European Court of Justice of Commission 
v Belgium (C-376/90) [1993] principally concerned minimum standards and 
the application in Belgian legislation of annual dose limits for adult workers. 
However, it is also read by a number of national authorities, including those 
in the UK, as authority for the proposition that the justifi cation require-
ments set out in the Euratom Directives should be applied in the light of 
the latest recommendations of the ICRP, in that case in Publications 60, 75 
and 77. The Court specifi cally acknowledged that Directives 80/836/Euratom 
and 84/467/Euratom were based on ICRP Publications; it noted (C-376/90, 
para. 23) the justifi cation, optimisation and dose limit principles, and 
declared that ‘it follows that the dose limits fi xed by the ICRP are not 
absolute standards but are published only by way of guidance and that 
the principle underlying them is the optimisation of protection’ (C-376/90, 
para. 25).
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The importance of this case in the context of the UK government’s 
approach to justifi cation is that the UK government relies upon it as some 
authority for the proposition that each successive Euratom Basic Safety 
Standards Directive should be read in the context of progressive interpreta-
tions of the justifi cation test in ICRP Recommendations. This is of particu-
lar signifi cance in re-enforcing the UK government’s view that taking 
European Council (EC) Directive 96/29/Euratom (EC, 1996) together with 
the latest ICRP Recommendations, the test required should be understood 
as a ‘generic’ one applied to a practice or class of practice, not a ‘site specifi c’ 
one applied, for example, to a particular installation in a particular place.

A1.2.4 The Greenpeace/Mr Justice Potts Decision 1994

This landmark UK case Regina v Secretary of State for the Environment, 
ex parte Greenpeace Ltd and Lancashire County Council in 1994 concerned 
the Sellafi eld Thermal Oxide Reprocessing Plant known as the THORP 
plant. In this case, the UK Court considered the 1980 Directive (as amended) 
and concluded amongst other things that Article 6(a) required a site-specifi c 
rather than a generic assessment. The UK government argued that the test 
had been met in substance – but the judge ruled that it had to be applied 
specifi cally. This was part of the origin of the very detailed and highly spe-
cifi c consideration which has been given to justifi cation in subsequent 
decisions.

Mr Justice Potts dismissed the arguments of the UK government’s advo-
cate that Article 6(a) of Directive 80/836/Euratom required the justifi cation 
in advance of a ‘type of activity’, not the carrying on of the activity at a 
particular site. The judge declared (Greenpeace/Mr Justice Potts Decision, 
para. 45) that ‘I accept Mr Collins’ [counsel for Greenpeace] submission 
that the principle of justifi cation would be rendered meaningless if Mr 
Richards’ [counsel for the UK government] construction was upheld. In my 
view ICRP 60 and the directive are concerned with justifi cation of particu-
lar practices which affect particular individuals in particular circumstances. 
In this case the type of activity is thermal oxide reprocessing at Sellafi eld.’

The THORP judgement took place against a political background that 
was itself highly charged. THORP represented a £9 billion investment by 
the UK government, but there were 42,500 responses to one public consul-
tation, many of them anti-nuclear. The fi nding that justifi cation was a legal 
requirement applied on a site-specifi c basis was very signifi cant.

A1.2.5 Revised Basic Safety Standards Directive 
96/29/Euratom

Directive 96/29/Euratom (EURATOM, 1996, art. 6) revised the expression 
of the justifi cation test case again. It provides that:
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‘6.1 Member States shall ensure that all new classes or types of practice result-
ing in exposure to ionising radiation are justifi ed in advance of being fi rst 
adopted or fi rst approved by their economic, social or other benefi ts in 
relation to any health detriment they may cause.

6.2 Existing classes or types of practice may be reviewed as to justifi cation 
whenever new and important evidence about their effi cacy or conse-
quence is acquired.’

The UK government has interpreted this then and since as requiring a 
generic rather than a site-specifi c assessment of justifi cation of ionising 
practices, citing its interpretation of Commission v Belgium as above.

A1.2.6 The Greenpeace/Mr Justice Collins Decision 2001

The decision of the Secretaries of State for Environment, Food and Rural 
Affairs (Margaret Beckett) and for Health (Alan Milburn) in the case of 
R (Friends of the Earth Ltd and Greenpeace Ltd) v Secretary of State for 
the Environment, Food and Rural Affairs, Secretary of State for Health on 
3 October 2001 stated that:

‘We have concluded that the manufacture of MOX fuel is justifi ed in accord-
ance with the requirements of Article 6 of the Basic Safety Standards Directive 
96/29/Euratom.’

But this followed extremely detailed consideration of the environmental, 
safety, economic, social and other benefi ts and disbenefi ts, carried out under 
the ever-present threat of judicial review, and even then Greenpeace chal-
lenged the treatment of ‘sunk costs’ in the construction of the Sellafi eld 
MOX plant. It took repeated rounds of consultation, economic reports from 
PA Consulting Group and Arthur D Little, draft decisions, reviews of new 
evidence such as data falsifi cation incidents, defence of the challenges to 
the business case and so on before the decision could be concluded.

In the end, Mr Justice Collins held the MOX plant to have been justifi ed, 
but held that construction and capital costs must be taken into account in 
future in deciding on economic benefi ts and detriments. The situation in the 
case whereby £300 million had already been spent on the plant before an 
application for justifi cation was made to the Environment Agency was the 
subject of critical comment, which will need to be taken into account in 
future applications for new nuclear installations.

A1.2.7 Greenpeace challenge on nuclear policy 2007

Mr Justice Sullivan in the 2007 Greenpeace judicial review (The Greenpeace/
Mr Justice Sullivan Decision) described the government’s consultation 
as ‘misleading’, ‘seriously fl awed’ and ‘procedurally unfair’. The UK 
government’s Energy Review 2003 had described nuclear power as an 
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‘unattractive option’ with ‘important issues unresolved’ on waste. By 2006 
the government stated that nuclear was ‘expected to make a signifi cant 
contribution to meeting our energy goals’. The judge held that ‘something 
has gone seriously and radically wrong’ with the consultation which was 
little more than an ‘issues paper’ and ‘wholly insuffi cient for [consultees] to 
make an intelligent response’ despite the fullest consultation having been 
promised.

All future consultations on any aspect of advancing the nuclear power 
agenda are bound to take note of the judgement. It represents an important 
marker put down by the courts that changes in policy in the nuclear fi eld 
have to be properly explained and consulted upon, and if made too abruptly 
and without proper consultation are liable to be successfully challenged.

A1.3 UK regulations

A1.3.1 Ionising Radiations Regulations 1999

The Ionising Radiations Regulations 1999 implement the bulk of the ‘radia-
tion health and safety’ provisions of Directive 96/29/Euratom, but after long 
debates within government it was concluded that topics such as justifi cation 
went too wide to be incorporated in those regulations, and need to be 
treated separately.

This decision was taken partly because justifi cation went beyond 
the exclusive jurisdiction and responsibilities of the Health and Safety 
Executive/Nuclear Installations Inspectorate, but also because of legal limi-
tations to the enabling powers used as the basis for the 1999 Regulations. 
It was judged preferable to have a separate, stand-alone set of regulations 
to address the topic of justifi cation.

A1.3.2 Justifi cation of Practices Involving Ionising Radiation 
Regulations 2004

In the end, the Department for Business Enterprise and Regulatory Reform 
(BERR) in its Justifi cation of Practices Involving Ionising Radiation 
Regulations established the process and procedure whereby the justifi cation 
test is applied (BERR, 2004). There is a means of allocating a Justifying 
Authority to each such decision, in order to apply tests closely based on 
Article 6 of Directive 96/29/Euratom. It is probably fair to say that these 
regulations may have put an end to arguments before the UK courts on the 
procedure which should be followed in allocating a Ministerial decision 
maker to individual justifi cation decisions, but they have by no means 
resolved all arguments about the scope and contents of the justifi cation test.

These Regulations implement Articles 6(1) and 6(2) of Council Directive 
96/29/Euratom and extend to the whole of the United Kingdom. They 
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introduce the international radiological protection principle of generic ‘jus-
tifi cation’ of classes of practices involving exposure to ionising radiation. 
They also implement certain prohibitions on the addition of radioactive 
materials to certain goods.

The Regulations prohibit practices unless they have been justifi ed or 
were existing practices carried out before 13 May 2000, the date when the 
Directive came into force. They defi ne the relevant Justifying Authority 
which takes the justifi cation decisions, and this is the Scottish Ministers, The 
National Assembly for Wales or a Northern Ireland Department, to the 
extent allowed by devolution legislation within the United Kingdom, and 
for England and matters which are not devolved, the Secretary of State. The 
Regulations set out the conditions under which applications are to be made 
for justifi cation decisions and allow conditions to be attached to those deci-
sions, and further provide that the Justifying Authority may require opera-
tors or other persons to take appropriate steps in consequence upon a 
justifi cation decision. The Secretary of State is permitted to decide whether 
a practice is new or existing.

The Regulations provide a mechanism for the determination of applica-
tions by the Justifying Authority, and the machinery whereby the Justifying 
Authority can require information from applicants of other persons and 
where necessary to hold inquiries or hearings and to carry out formal con-
sultation with the public.

The Regulations give effect to certain bans on the addition of radioactive 
substances to personal ornaments, toys and cosmetics, and make separate 
provision for the justifi cation of classes or types of practice involving 
medical exposure. In common with most regulations, provision is made for 
enforcement and offences whereby contravention notices can be served 
whether there are breaches of the Regulations and enforcement powers are 
given, with the usual suite of powers for the enforcement of criminal 
offences relating to breach of the Regulations’ requirements.

A1.4 Application of justifi cation test to nuclear new 

build proposals

A1.4.1 Nuclear Industry Association justifi cation application

In May 2007 the Department of Trade and Industry (DTI) of the UK gov-
ernment published a public consultation on the role of nuclear power in a 
low-carbon UK economy and a technical consultation on a proposed 
process for the Regulatory Justifi cation of new nuclear power stations (DTI, 
2007).

In January 2008 the UK government published a White Paper on nuclear 
power (BERR, 2008, Annex B) which included its response to the technical 
consultation.
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In March 2008 the government issued a call for Regulatory Justifi cation 
applications for new nuclear power station designs, and the Department for 
Business Enterprise and Regulatory Reform (BERR) provided guidance 
on the level of information expected of applicants (BERR, 2008).

In November 2008 the trade association known as the Nuclear Industry 
Association (NIA) submitted on behalf of six utilities an application seeking 
justifi cation by the Justifying Authority of four types of nuclear power sta-
tions, arguing that the benefi ts of their deployment would outweigh any 
radiological health detriment. The justifi cation application submitted by the 
NIA was on behalf of six utilities, namely British Energy Group plc, EDF 
Energy plc, E.ON UK plc, RWE Npower plc, Vattenfall and Iberdrola 
Generacion S.A. It covered four specifi c reactor designs provided by the 
nuclear construction vendors, Atomic Energy of Canada Limited, Areva 
NPSAS, GE-Hitachi Nuclear Energy International LLC and Westinghouse 
Electric Company LLC.

The NIA noted that although the strict legal test set out in the Justifi cation 
Regulations requires only that the benefi ts of a practice outweigh the radio-
logical health detriments, the UK guidance on the process to be followed 
in applying the Basic Safety Standards Directive and the Justifi cation 
Regulations to New Nuclear Power Stations takes this a stage further by 
‘suggesting’ that it should be the net benefi t that is weighed against the 
logical health detriment. The NIA states in the introduction to its applica-
tion that this interpretation arguably goes beyond the Directive and the 
Regulations, although they state that they have followed this approach. The 
NIA notes further that the government’s interpretation of the Justifi cation 
Test means that it is necessary not to only assess the potential radiological 
health detriments associated with the practice, but also other potential 
detriments that could be signifi cant when considered against the benefi ts 
derived from the practice. Accordingly, the NIA’s application took a wide-
ranging approach.

The application covers a discussion of the potential benefi ts that the 
practice could bring, especially focusing on the security of supply and 
climate change advantages of nuclear power, identifi cation of the potential 
radiological health detriments, identifi cation of other potential detriments 
associated with the practice, and fi nally a section comparing the net benefi ts 
and the radiological health detriments.

The NIA gave as the proposed practice to be submitted to the Justifi cation 
Test:

‘The generation of electricity from nuclear energy using oxide fuel of low 
enrichment in fi ssile content in light water cooled, water moderated thermal 
reactors using evolutionary designs.’

The NIA requested the Justifying Authority if it decided that the applica-
tion comprised more than one class or type of practice to treat it as an 
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application for justifi cation of each such new class or type of practice. In 
the event, this is what the UK government has done by treating each reactor 
design as a separate practice or class of practices.

The NIA application went on to analyse the basic nuclear characteristics, 
design status and regulatory status for each of the designs, and the radiologi-
cal health detriment under the headings of normal operation for workers, 
normal operation for the public and accident risk.

The benefi ts of nuclear power as claimed included security of supply and 
the benefi cial effects on the carbon footprint. Extensive analysis was given 
to the issues of radioactive waste and decommissioning.

In the course of a lengthy application and argument, the NIA set out the 
industry’s argument as to how radiological health detriments would be kept 
fi rst of all within the mandatory exposure and dose limits required by leg-
islation and secondly within levels that made them broadly comparable with 
one or two transatlantic fl ights.

In summary the NIA gave what it described as a high-level indicative 
assessment of the potential radiological health detriments associated with 
the development of new nuclear power stations, claiming that these would 
be extremely small and well within applicable regulatory dose limits, com-
parable to one additional return air fl ight from the UK to New York per 
year.

On radioactive waste and decommissioning the NIA maintained the 
industry line that in due course radioactive waste would be committed to 
a deep geological repository, and that secure arrangements were in place 
allowing for the safe storage of the nuclear waste likely to be generated by 
new nuclear power stations in the interim period.

Environmental effects included, for example, chemical effects from 
cooling water discharges, which were briefl y dealt with and which in 
company with other forms of power generation are likely to be studied in 
greater depth and more critically assessed in the future. The risk of acci-
dents from new nuclear power stations was considered and reckoned to be 
within bounds, controlled by legislation and properly addressed, manage-
able and small. Undoubted benefi ts of new nuclear power stations included 
security of supply benefi ts and carbon reduction benefi ts.

In summary, the NIA application claimed that the issues of radioactive 
waste, spent fuel and decommissioning had been properly addressed, wider 
environmental impacts were limited, and the economic assessment of new 
nuclear power was positive in line with government policy. There would be 
little change to existing small proliferation risks, the scale of potential 
radiological health effects was so low as to be of no concern, and overall 
the NIA concluded that the identifi ed benefi ts for the UK from the pro-
posed new practice are very signifi cant while the detriments would be small 
and therefore the NIA sought that the proposed practice be justifi ed.
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A1.4.2 UK consultation on justifi cation of new reactor 
designs, November 2009

On 30 October 2008, the UK government published a notice seeking further 
information, which was provided by the applicant trade association on 27 
November 2008. The government then published a public consultation on 
the Secretary of State’s proposed decisions as Justifying Authority on the 
regulatory justifi cation of the new nuclear power station designs currently 
known as the AP1000 and the EPR in December 2008, and from that it 
became clear that the government had decided to treat each of the four 
proposed reactor designs as a separate class or type of practice, with a sepa-
rate justifi cation decision required for each. This consultation closed on 25 
March 2009. Two of the reactor designs did not proceed at this stage, and 
the justifi cation decision therefore went on to consider the AP1000 and 
EPR designs as separate applications.

In November 2009 the Secretary of State for Energy and Climate Change 
as the Justifying Authority issued proposed decisions in draft form for con-
sultation on the NIA’s Justifi cation Application. The draft decision docu-
ment published by the government goes on to consider in great detail issues 
such as radiological health detriment of nuclear power, issues of radioactive 
waste, environmental detriment, safety and security, carbon reduction ben-
efi ts, security of supply benefi ts and an economic assessment.

The government’s proposed decision document began by declaring that 
Regulatory Justifi cation is a high-level, generic process confi ned to the 
relevant class or type of practice under consideration. It is not an assess-
ment of government policy on whether to build new power stations, which 
was set out in the White Paper on Nuclear Power (BERR, 2008). Nor is it 
an exercise in comparing the advantages of the different methods of pro-
ducing energy.

It will immediately be noted that wherever and whenever the govern-
ment in its proposed decision document seeks to limit the scope of the 
decision being taken, there is an immediate tension with the full review of 
benefi ts and detriments that on some readings is required by the expression 
of the justifi cation test, and in terms of judicial challenge, the more that is 
limited, the greater the risk that an objector can seek to show that the deci-
sion taker has overlooked a relevant consideration.

The document noted that a communication from the European 
Commission concerning the implementation of the Basic Safety Standards 
Directive states that compliance with the principle of justifi cation ‘can be 
safely assumed in respect of a new class or type of practice by the existence 
or laying down of regulations specifi cally concerning the class or type of 
practice’. Regulation 4(2) of the Justifi cation of Practices Involving Ionising 
Radiation Regulation (BERR, 2004) defi nes ‘justifi ed’ in relation to a new 
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class or type of practice as ‘justifi ed by its economic, social or other benefi ts 
in relation to the health detriment it may cause’. The government document 
goes on to describe the other elements of tests applied to radiation control 
including optimisation and limitation, and the broader structure of regula-
tion of the nuclear installations in the UK, including the generic design 
assessment applied to nuclear power station designs.

The Secretary of State as Justifying Authority took an early decision on 
a preliminary view that following the application submitted by the NIA, the 
justifi cation decision should be by reference to four classes or types of 
practice based on each of the reactor designs submitted. In the event, those 
submitted by Atomic Energy of Canada Limited (the ACR1000) and 
GE-Hitachi of the USA (the ESBWR reactor) were not being taken 
forward within the generic design assessment applied by the United 
Kingdom, and therefore the justifi cation decision being taken by the 
Secretary of State was applied to the two remaining reactor designs within 
the Generic Design Accreditation (GDA) process, namely the AP1000 
designed by Westinghouse Electric Company LLC of the USA and the EPR 
designed by Areva NP of France and Germany.

A number of limiting assumptions are made in the course of the Secretary 
of State’s lengthy proposed decision document of November 2009, which 
may yet be the subject of further legal challenge to the extent that they are 
refl ected in the fi nal decisions. These include the Secretary of State’s conclu-
sion that the Justifi cation Authority is not bound to take practices outside 
the UK into account (see, for example, Vol. 2 Proposed decision on AP1000, 
paragraph 1.63). The recommendations of the ICRP require each country 
to assess the benefi ts and detriments of a class or type of practice carried 
on within its own borders and to enforce the conclusions from such assess-
ments. The Secretary of State considers he has no authority to seek informa-
tion from outside the UK. This is a curious conclusion, as surely if there is 
relevant information available from outside the UK it would be legally risky 
and practically mistaken to overlook it.

The government guidance for Regulatory Justifi cation applications for 
new nuclear power stations (BERR, 2008) stated that applicants should 
provide information explaining how the proposed type or class of practice 
may cause radiological detriment to human health covering all aspects of 
the reactor lifecycle including, for example, decommissioning, waste dis-
posal and transport.

The Secretary of State’s proposed decision document then went through 
separate chapters on an analysis of radiological health detriment, radioac-
tive waste, environmental detriment, safety and security, carbon reduction 
benefi t, security of supply benefi t, and economic assessment.

In Chapter 10 of Vol. 2 of the proposed decision on the AP1000, the 
Secretary of State sets out a draft decision that the class or type of practice 
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is justifi ed under the Justifi cation of Practices Involving Ionising Radiation 
Regulations (BERR 2004), referring to the documents and evidence taken 
into account in Chapters 2 to 9 and the reasons for the proposed decision 
in Chapter 10. Under, for example, radiological health detriment, account 
is taken of the multiple containment systems and the practical measures 
and other regulations and powers used to ensure safety and security of 
reactors. Under radioactive waste the Secretary of State endorses geological 
disposal as the long-term answer for higher-activity waste, preceded by safe 
and secure interim storage. Environmental detriments are judged to be 
relatively limited, and safety and security considerations capable of being 
properly addressed. Security of supply and lower carbon benefi ts are judged 
to be considerable.

A1.4.3 The Secretary of State’s decisions, October 2010

Finally, in October 2010, the Secretary of State announced separate deci-
sions on the regulatory justifi cation of the AP1000 and EPR nuclear reactor 
designs, which he found to be established. The justifi cation decisions were 
given legal effect in the form of parallel sets of regulations, each with a 
substantial document setting out the background and reasoning. At the 
same time the Secretary of State published his decision that a public inquiry 
was not necessary, given the exhaustive consideration given over three years 
to the issues in the course of the review of regulatory justifi cation.

That in summary is the way in which the UK government hopes to have 
concluded its consideration of justifi cation, although as noted not every 
aspect of the Secretary of State’s consideration is uncontroversial, and the 
Courts may still be invited in the course of a legal challenge to scrutinise 
the issue further.

A1.5 Conclusions

For about the last decade or so, anti-nuclear environmental NGOs have 
been very ready to bring legal challenges to the way in which government 
decisions applied the justifi cation test, if any aspects, for example of eco-
nomic assessment, had been left out of account. However, there is presently, 
at least for the time being, a certain amount of disarray within the environ-
mental NGO movement on the subject of nuclear power, with several previ-
ously strong opponents having now declared in favour of nuclear power, 
arguing that it is the lesser of two evils when compared to climate change. 
This may make it slightly more unlikely that environmental NGOs will be 
quite as ready as they have been in the recent past to challenge justifi cation 
decisions. However, they may still be minded to do so if those decisions 
disclose procedural mistakes or ‘corner cutting’ by government, for example 
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if the UK government tries to combine too many forms of process into one 
single justifi cation decision in order to save time, and thereby allows envi-
ronmental NGOs to claim that more than ‘practice’ is being considered and 
justifi ed at the same time.

It has been established by UK case law that the test to be applied is 
‘generic’ rather than ‘site-specifi c’, in other words that it should apply to a 
whole practice rather than each power station on each site. The precise 
scope of each ‘practice’ has not yet been fully explored, and it is suggested 
that this is one area where, procedurally, the UK government could be at 
risk of further challenge if it was minded to compress the justifi cation deci-
sion too much in order to achieve quick results. The result of a successful 
challenge by judicial review would be further delayed while the decision is 
re-taken, with full consideration being given to any aspect which has been 
left out of account.

Indications are that some NGOs, e.g. Greenpeace, are still solidly opposed 
to justifi cation decisions. For example, a posting on the Greenpeace website 
on 12 January 2010 declared that ‘It’s diffi cult to fi nd any, using the word 
of the UK government, “justifi cation” for any of these designs. EPR comes 
out looking the worst of the four but only because it is actually off the 
drawing board and causing trouble in the real world. The other designs have 
as much potential for mayhem.’

NGOs have already noted strong links between this issue and the curtail-
ment of opportunities to address wider concerns in the planning process, 
particularly by means of the Planning Act 2008 introduced by the last 
Labour government, so they may (and some evidently do) see justifi cation 
as their last chance to force consideration of wider issues from uranium 
mining through to fi nal waste disposal policies, risk of reactor accidents, 
terrorist attacks and handling of spent fuel.

Some will see this as ground for pressing for an inquiry, which is 
one option allowed for by the regulations (BERR, 2004, reg. 17) an option 
now ruled out by the Secretary of State’s separate decision of October 
2010.

For the UK, justifi cation remains more than simply a technical frame-
work for assessment of benefi ts and detriments, as it may have been origi-
nally envisaged by the ICRP. It is a test whose form has been infl uenced by 
the political debates and legal challenges that result from the fact that it is 
one of the important ‘gateways’ to the establishment of new nuclear power 
stations and other nuclear installations.

The Secretary of State’s fi nal decision on the justifi cation of the two 
power station designs, as fi nally issued in October 2010, refl ects both 
the regulatory origins and intentions of the justifi cation test, and also a 
carefully prepared decision document that seeks to anticipate further legal 
challenges.
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The events at Fukushima, Japan, in 2011 following the massive earth-
quake and tsunami, the well-reported diffi culties with the nuclear reactor 
cooling systems, and the resulting radioactive contamination of land and 
sea will have been closely followed by environmental NGOs as well as 
governments and the nuclear industry around the world. In the United 
Kingdom the Secretary of State for Energy and Climate Change asked the 
Chief Nuclear Inspector for a report into the safety implications of the 
Fukushima disaster, and completion of the Generic Design Assessment of 
reactor designs was delayed until later in 2011 for this to be considered. 
Future applications of the justifi cation test will be expected to show that 
relevant lessons have been learned, both in considering new justifi cation 
applications under Article 6.1 of Directive 96/29/Euratom and when carry-
ing out any review of existing classes or types of practice under Article 6.2.
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Appendix 2
Nuclear safety culture: management, 

assessment and improvement of 
individual behaviour

A. CARNINO, Consultant in Safety, Management of Safety, 
Safety Culture and Security, France

Abstract: The nuclear industry has come to promote a safety culture in 
all its installations and activities. It is now recommended to develop a 
management system creating the environment necessary for individual 
and management behaviours and attitude fostering a good safety culture. 
In this Appendix are proposed ways of assessing its stage of 
development, ways for an organization to increase and manage it and 
ways for enhancing it towards excellence in safety.

Key words: safety culture, management, assessment, enhancement, 
individual behaviours, excellence in safety.

A2.1 Introduction

The nuclear industry has become aware of the importance of human factors 
and human errors through the accidents at Three Mile Island and Chernobyl 
as well as the accidents in the space industry. At the same time, operating 
experience has shown how human errors were a major factor in the events 
or near misses.

Following work on the man–machine interface, on the development of 
more adequate procedures, especially in accident conditions, and on the 
training of operators, the term ‘safety culture’ was introduced to indicate 
that a culture of safety would prevent most of the human errors and 
mistakes.

The term ‘nuclear safety culture’ was fi rst used in the report of the 
International Nuclear Safety Advisory Group of the IAEA on the Chernobyl 
accident (INSAG, 1986). This pointed out the lack of safety culture. Another 
report of the same group followed on safety culture (INSAG, 1991), and 
gave examples of lack of it together with recommendations for enhancing 
it (INSAG, 2002).

Many other documents were later prepared for assessing safety culture, 
for improving it and for reviewing it, especially at the IAEA. A number 
of safety standards have now addressed this topic. The content of this 

�� �� �� �� ��



908 Infrastructure and methodologies for justifi cation of NPPs

Published by Woodhead Publishing Limited, 2012

appendix relies on TECDOC-1329 of the IAEA, Safety culture in nuclear 
installations (IAEA, 2002), which put together the developments in safety 
culture in the previous 10 years.

A2.2 Defi nitions

The fi rst defi nition was given by the INSAG-4 report on safety culture 
(INSAG, 1991): ‘Safety culture is that assembly of characteristics and atti-
tudes in organizations and individuals which establishes that, as an overrid-
ing priority, nuclear plant safety issues receive the attention warranted by 
their signifi cance.’

The INSAG-4 report added attributes such as personal dedication, safety 
thinking and an inherently questioning attitude as intangible. Yet it is 
important to be able to judge the effectiveness of safety culture. INSAG 
has addressed it by starting from the perception that the intangible attri-
butes lead naturally to tangible manifestations that can act as indicators of 
safety culture.

Another defi nition is given and used by the Institute of Nuclear Power 
Operations (INPO, 2004): ‘Safety culture: an organization’s values and 
behaviours – modelled by its leaders and internalized by its members – that 
serve to make nuclear safety the overriding priority’. INPO then establishes 
the following safety principles:

• Personal responsibility for nuclear safety
• Leadership commitment to safety
• Trust permeates the organization
• Decision-making refl ects safety fi rst
• Recognize unique nature of nuclear
• Cultivation of questioning attitude
• Embracement of organizational learning
• Constant examination of nuclear safety.

These defi nitions and considerations lead then to the safety principle which 
is part of the new safety fundamentals of the IAEA (IAEA, 2006a):

‘Principle 3: Leadership and management for safety

Effective leadership and management for safety must be established and sus-
tained in organizations concerned with, and facilities and activities that give 
rise to, radiation risks.’

During the development of the International Nuclear Safety Convention, 
it was pointed out that a culture is a diffuse matter and therefore cannot 
be referred to in a legal context. Safety culture was therefore transformed 
into ‘Safety First’.
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From these defi nitions and considerations, one should remember the two 
major components: the organization and the individual behaviour.

A2.3 The organization

A2.3.1 Management system

The IAEA Safety Requirements entitled The Management System for 
Facilities and Activities (IAEA, 2006b) indicate that:

‘A management system shall be established, implemented, assessed and con-
tinually improved. It shall be aligned with the goals of the organization and 
shall contribute to their achievement. The main aim of the management system 
shall be to achieve and enhance safety by:

– Bringing together in a coherent manner all the requirements for managing 
the organization;

– Describing the planned and systematic actions necessary to provide ade-
quate confi dence that all these requirements are satisfi ed;

– Ensuring that health, environmental, security, quality and economic require-
ments are not considered separately from safety requirements, to help 
preclude their possible negative impact on safety.

Safety shall be paramount within the management system, overriding all other 
demands.’

Within the organization, the Safety Requirements cited above add that the 
management system shall be used to promote and support a strong safety 
culture by:

• Ensuring a common understanding of the key aspects of safety culture 
within the organization

• Providing the means by which the organization supports individuals and 
teams in carrying out their tasks safely and successfully, taking into 
account the interaction between individuals, technology and the 
organization

• Reinforcing a learning and questioning attitude at all levels of the 
organization

• Providing the means by which the organization continually seeks to 
develop and improve its safety culture

• Taking into account the complexities of processes and their 
interactions.

This means that the organization has to advertise to all staff its objectives 
in terms of safety, to obtain from all managers within its structure the 
support needed to create the right environment that will induce the needed 
attitudes and behaviours:
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• Individual and collective commitment to safety on the part of the lead-
ership, the management and personnel at all levels

• Accountability of organizations and of individuals at all levels for safety
• Measures to encourage a questioning and learning attitude and to dis-

courage complacency with regard to safety.

The diffi culty in the management system is to identify all interactions 
between individuals, including where appropriate the interactions with per-
sonnel from contractors: for example, the situation during outages for refu-
elling or maintenance in a power plant.

For ensuring a good safety culture, the management should regularly 
assess its safety culture developments, listen to its staff, learn from operating 
experience and where appropriate promote actions for the promotion of 
safety culture. Learning from human errors or organizational failures should 
also be a means of improving safety culture.

A2.3.2 Stages of development of safety culture

For evaluating the situation of the organization in terms of safety culture, 
it is possible to identify its stage of development. The three main stages in 
the development of safety culture have been defi ned in the IAEA technical 
document on safety culture in nuclear power plants (IAEA, 2002) as follows.

Stage 1: Safety is based on rules and regulations

• Problems are not anticipated, and the organization reacts to each one 
as it occurs.

• Communications between departments and functions is poor.
• Collaboration and shared decision-making is limited.
• People who make mistakes are blamed for their failure to comply with 

the rules.
• The role of management is seen as enforcing the rules.
• There is not much listening or learning inside or outside the organiza-

tion, which generally adopts a defensive position when criticized.
• People are viewed as components of the system – the mechanistic view.
• There is an adversarial relationship between managers and other 

employees.
• People are rewarded for obedience and results, regardless of long-term 

consequences.

At this stage, safety is perceived as a constraint very often imposed by the 
regulator, and human errors are viewed as a problem requiring sanctions. 
Fulfi lling all safety rules is the prime objective. The management does not 
pay much attention to behaviours and attitudes. A regulator who is very 
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prescriptive creates such a perception of safety and thus infl uences safety 
culture. The organization is not open to external exchanges and could even 
be very isolated.

Stage 2: Safety is considered an organizational goal

• There is growing awareness of the impact of cultural issues in the work-
place, although it is not understood why added controls and training 
have not yielded the expected safety improvements.

• Management encourages interdepartmental and interfunctional 
communications.

• Management’s response to mistakes is to introduce more controls and 
procedures and to provide more retraining.

• The role of management is to make sure that goals are achieved and 
that work objectives are clear to employees.

• The organization is willing to learn from external groups, especially new 
techniques and best practices.

• The relationship between employees and management is adversarial, 
although there may be more opportunities to discuss common goals.

• People are rewarded for exceeding goals regardless of long-term 
consequences.

• The interaction of people and technology is considered, but more from 
the viewpoint of increasing the effi ciency of the technology.

• There is more teamwork.
• The organization remains reactive in relation to problems, although 

there may be more anticipation of potential problems in planning.

The organization in stage 2 has become aware of the importance of safety, 
knowing that good safety goes with good availability. Communication starts 
to be open and external exchanges are perceived fruitful. Managers are 
present in the shops but it is not yet a blame-free environment. Safety per-
formances are the main objective.

Stage 3: Safety can always be improved

• Problems are anticipated and dealt with before they occur.
• Collaboration between departments and functions is good.
• There is no goal confl ict between safety and production.
• Almost all mistakes are viewed in terms of process variability with the 

emphasis placed on understanding what has happened, rather than 
fi nding someone to blame.

• Management’s role is seen as coaching people to improve 
performance.

�� �� �� �� ��



912 Infrastructure and methodologies for justifi cation of NPPs

Published by Woodhead Publishing Limited, 2012

• Learning from others, both inside and outside the organization, is valued.
• People are respected and valued for their contribution.
• The relationship between management and employees is mutually 

supportive.
• People are aware of the impact of cultural issues, and these are consid-

ered in decision making.
• People are rewarded for improving processes, as well as results.
• People are considered to be an important part of organizational systems 

with attention given to satisfying their needs, and not just to achieve 
technical effi ciency.

An organization in stage 3 has adopted the idea of continuous improvement 
and applied the concept to safety: it is a learning organization. There is 
a strong emphasis on communications, training, management style and 
improving effi ciency and effectiveness. People within the organization 
understand the impact of cultural issues on safety.

The time-scale required to pass through the various stages cannot be 
predicted. Much will depend upon the circumstances of an individual orga-
nization, and the commitment and effort that it is prepared to make in order 
to bring about change. Suffi cient time must be taken at each stage to allow 
the benefi ts from changed practices to be realized and to mature. It should 
be remembered that an organization might possess characteristics associ-
ated with each of the three stages. Change in an organization is rarely 
simultaneous or uniform. A rule-based approach should not be viewed 
negatively. There will be activities or circumstances in organizational life 
where strict compliance with rules is essential, e.g. emergency response, or 
operating with suffi cient margin for safety. Cultural awareness is not incom-
patible with having strict rules; much of culture is about complying or 
conforming to norms.

A2.4 Assessing the stage of development 

of safety culture

The stage of development of safety culture in an organization can be 
assessed using a simple method. Individuals can use the method separately 
or in groups. The method is based on how the organization being assessed 
views certain factors such as mistakes, time, role of managers, handling 
of confl ict and the nature of people. Each of these factors is viewed in a 
slightly different way in each of the three stages of development of safety 
culture.

The approach is to consider which stage is most refl ective of the factor 
being considered. The IAEA document on safety culture in nuclear power 
plants (IAEA, 2002) describes the methodology to be used in assessing the 
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status of safety culture in a given plant. Depending on the stage character-
istics, one can summarize how these factors are viewed in Table A2.1.

Another technique for assessing the safety culture can be used, which is 
an employee survey. The survey can be performed by interviews conducted 
orally or via a written questionnaire. Such surveys may have an important 
cost and the benefi ts have to be balanced against that cost. This fi rst needs 
an explanation of the objectives pursued and the designation of a team of 
specialists including statisticians and work psychologists for collecting the 
information and carrying the interviews. Second, installation staff should be 

Table A2.1 Ways in which safety culture factors are viewed at different stages 
of development of safety culture

View of mistakes
Rule-based People are blamed for non-compliance with rules.

Organizations react defensively to criticism rather than 
listening and learning.

Goal-based Mistakes result in more controls and training.
Improvement-based Mistakes are an opportunity to understand and 

improve.

Time focus
Rule-based Short-term is all-important.
Goal-based People are rewarded for exceeding goals, regardless 

of long-term consequences.
Numerical targets are specifi ed for safety.

Improvement-based Short-term performance is analysed to improve 
longer-term performance.

Longer-term focus with anticipation of consequences.

Role of managers
Rule-based Managers enforce rules and pressure employees for 

results.
Goal-based Managers use techniques such as management by 

objectives.
Improvement-based Managers coach people to improve performance.

Managers support collaborative work.

Handling of confl ict
Rule-based Confl icts are rarely resolved and groups continue to 

compete with one another.
Goal-based Confl ict is discouraged in the name of teamwork.
Improvement-based Confl ict is resolved by means of mutually benefi cial 

solutions.

View of people
Rule-based People are components in a system.
Goal-based Growing awareness that people’s attitudes infl uence 

their performance.
Improvement-based People are respected and valued for their contribution.
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convinced that the results will be used to improve the work environment 
and the management style. They expect to be informed of all results and of 
the actions envisaged as a result. They will in this way have a certain appro-
priation of the progress made.

To be signifi cant, the interpretation of the survey needs careful analysis: 
for example, the lack of an answer to some questions has to be interpreted 
and may lead to additional interviews or questions. The statistical analysis 
is also diffi cult if the sample of personnel answers is limited.

A2.5 Identifying the lack of safety culture

From the operating experience and the analysis of events showing a declin-
ing safety culture in organizations, it was possible to list the symptoms which 
were pre-existing and to which the organizations did not pay attention. The 
IAEA document on safety culture in nuclear power plants (IAEA, 2002) 
also gives the symptoms of a lack of safety culture. These are:

• Lack of systematic approach to safety
• Procedures not properly serviced
• Incidents not analysed in depth and lessons not learned
• Resource mismatch
• Violations increasing in number
• Increasing backlog of corrective actions
• Verifi cation of readiness for operation or maintenance
• Employee safety concerns not dealt with promptly
• Disproportionate focus on technical issues
• Lack of self-assessment processes
• Poor housekeeping
• Failure of corporate memory
• Low status of Quality Assurance department
• Lack of corporate oversight
• Lack of ownership
• Isolationism
• Lack of learning
• Unwillingness to share or cooperate
• Failure to deal with the fi ndings of independent external safety reviews
• Defi ciencies in regulatory bodies.

Monitoring of safety culture has become a must. Indicators are not easy 
to defi ne but should be determined when actions for improving safety 
culture are taken and evaluated. Again it is only the tangible manifestations 
which can be observed.

Learning from event analysis, fi ve major causes of declining safety culture 
were identifi ed:
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• Over-confi dence: good past performance leading to self-satisfaction.
• Complacency: occurrence of minor events that are subjected to minimum 

self-assessment, and delay in improvement programmes.
• Denial: number of minor events increases, with possibly a more signifi -

cant event. These are treated as isolated events. Findings from audits are 
considered invalid. Root cause analysis is not used.

• Danger: several potentially serious events occur but management 
and employees reject criticism from audits or regulator, by conside-
ring their views biased. The oversight function is afraid to confront 
management.

• Collapse: regulator intervenes to implement special evaluations. 
Management is overwhelmed and may need to be replaced. Major and 
very costly improvement needs to be implemented.

A2.6 Improvement of safety culture

A2.6.1 Senior management

Beyond the organization of management of safety culture, senior manage-
ment has to support the measures taken and themselves to actively partici-
pate in creating the work environment which will allow stage 2 at least and 
give the trends to stage 3 of safety culture development. As indicated in the 
IAEA document on safety culture in nuclear power plants (IAEA, 2002) 
senior managers should:

• Gain an understanding of safety culture as a concept
• Be visibly interested in safety and integrate it into their other 

activities
• Encourage employees to have a questioning attitude on safety
• Ensure that safety is included in planning activities
• Regularly review safety to ensure its adequacy for current and future 

circumstances
• Monitor safety trends to ensure that safety objectives and performances 

are being achieved
• Recognize those who improve safety.

In addition they should also ensure prevention of accidents, which is one 
of the objectives of safety. To achieve it, risk analysis is performed, together 
with a thorough analysis of events, errors should be seen as learning oppor-
tunities, and the organization itself is also learning. Employees should be 
seen as contributors to the safety improvements. Contractors need to be 
consulted and to have a common understanding of safety culture. An essen-
tial means of having the concept of safety culture fully understood and 
shared between all is training and retraining, since a single injection of 
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safety culture is not suffi cient to maintain it throughout the lifetime of an 
installation.

Senior management, having to permanently monitor the level of safety 
culture, can rely on self-assessment of safety culture or organize peer 
reviews either internally or with external experts. Safety performance may 
give information on the achievement in terms of safety culture. Although 
diffi cult to outline, safety indicators linked to safety culture might help. 
Examples of such indicators could be:

• Percentage of safety improvement proposals implemented during the 
previous month or quarter

• Number of safety inspections conducted by senior managers during the 
past month

• Number of employees who have received refresher safety training 
during the past month

• Number of safety audit recommendations implemented during the past 
month.

A2.6.2 Regulatory body

The regulator has a strong infl uence on the development of safety culture 
in the organizations under its jurisdiction. If the safety approach is rule 
based, it will infl uence the organizations towards stage 1 of development of 
safety culture. If the approach is aiming at monitoring the performances 
and following given indicators, safety culture will develop towards stage 2. 
But if the regulator concentrates on the organizational management system, 
the trend in safety culture will be a learning organization much more tuned 
to always improving safety.

Regular exchanges of information on the safety culture improvements 
and trends need to take place between the regulator and the organization 
with respect of the respective responsibilities. Training of all regulatory staff 
on safety culture is necessary to fully understand its evolution in the orga-
nization. Especially, the inspectors need to internalize the safety culture 
concept.

Having an external view, the regulator may notice some of the signs of 
decline of safety culture and ask the organization to take relevant actions. 
Examples of such signs could be loss of corporate memory, low quality 
assurance, role of headquarters in fi nancial and human resources, lack of 
commitment of top management to safety, and lack of openness in com-
munication and sharing with others.

A2.6.3 Individuals

All the staff of the organization must be imbued with the concept of safety 
culture and trained on it. Their attitude and behaviour should refl ect the 

�� �� �� �� ��



 Nuclear safety culture 917

Published by Woodhead Publishing Limited, 2012

search for excellence and their commitment to safety in all circumstances. 
It is not a new constraint, it is their personnel conviction that the organiza-
tional environment is facilitating the work required and that the manage-
ment works to motivate, listen and value the individuals and teamwork.

Some behaviour is expected from all:

• A questioning attitude which leads one to ask oneself questions like:
– Do I know the work I have to perform? Do I have the right equip-

ment/materials?
– If something goes wrong what am I supposed to do?
– What is the importance of my work for safety?
– What could go wrong and what would be the consequences on 

safety?
– Is it teamwork? Is the team aware of its responsibilities?
– Do I have the right procedure?

Many other questions can come to mind for which the answers are generally 
obvious. An important one is: when facing an abnormal condition or envi-
ronment to whom should I report?

• A prudent and rigorous approach, so important for new tasks or modi-
fi ed ones:
– Implementation and understanding of procedures and when possible 

participation in the elaboration of new ones.
– If something goes wrong, stop, think, act and report.
– Ask for assistance when necessary.
– Do not forget the responsibilities given to you or to the team you 

belong to.
– Accept being part of a learning organization.

• Communication
– Being part of an organization setting safety improvements as a goal 

requires good communication vertically (both up and down) and 
transversely.

– Suggest safety improvements when needed based on your profes-
sionalism and your experience.

– Promote safety culture in your team.
– Be aware of the importance of your tasks vis-à-vis global safety and 

communicate to your colleagues.
– Obtain useful information from others.
– Transmit information to others.
– Report on the results of your work, whether it is usual or new.

Means for implementing a continuously improving safety culture need to 
be considered for all personnel and individuals, who should be consulted 
for creating the environment which they need for exercising their profes-
sionalism and their skills within the organization. Their opinion is of great 
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importance in areas such as setting the workplace and adapting the work-
load, giving the right indications on what is happening in the installation, 
and putting in place mechanisms for communicating to supervisors and 
mechanisms for rewarding safety improvements. The regular presence of 
managers in the workplace increases motivation and gives a role model to 
follow.

A2.7 Conclusion

If a lot of people think that safety culture is bringing a new set of obliga-
tions and rules. Most of the time, this is wrong. A normal reaction of indi-
viduals is to resist change. Certainly resistance to change is due to not 
understanding the safety culture concept. The culture cannot be changed 
overnight and the approach should be gradual. All plant personnel will 
fi nally benefi t from the actions taken through their involvement, through 
the improvements in workplaces as well as in the global management initia-
tives of learning and listening to all. Professionalism, skills and communica-
tion at all levels are recognized and participate in the development of stage 
3 of safety culture. Creativity, including openness to the creativity of others, 
is critical to the success of a change programme and requires the leader’s 
openness to considering and trying new ideas. Appropriation of the job’s 
changes, learning at all times and communicating are keys to the success of 
safety culture.
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Appendix 3
Nuclear installation safety: International 

Atomic Energy Agency (IAEA) training 
programmes, materials and resources

M. J. MORACHO RAMIREZ, International Atomic 
Energy Agency (IAEA), Austria

Abstract: This chapter discusses training materials, resources and 
programmes provided by the International Atomic Energy Agency 
(IAEA). The chapter reviews web-based training, regional cooperation 
and harmonised training programmes as well as training based on 
TECDOC-1234 and SARCoN guidelines.

Key words: International Atomic Energy Agency (IAEA), web-based 
training, harmonised training programmes, TECDOC-1234 and 
SARCoN guidelines.

A3.1 Background and introduction

The IAEA Fundamental Safety Principles (IAEA, 2006a), principles 2 and 
3 in particular, underline the need and importance of having technical and 
managerial competence as well as having in place appropriate management 
systems to ensure these resources. Human resource development (HRD) 
is an essential requisite for the safety and sustainability of a nuclear power 
plant (NPP). To build and maintain a competent workforce is particularly 
complex for countries embarking on a nuclear power plant programme. 
Guidance documents from the Agency underline the importance of ensur-
ing the necessary competence in safety. The IAEA Safety Guide SSG-16, 

This appendix is the copyright of the International Atomic Energy Agency (IAEA) 
and is reproduced by the Publisher with the IAEA’s permission. Any further use or 
reproduction of the appendix, in whole or in part, requires the permission of the 
IAEA. The appendix has been compiled by a staff member of the IAEA in his/her 
personal capacity and not on behalf of the IAEA or the Director General of the 
IAEA. The views expressed in the appendix are not necessarily those of the IAEA 
and that the IAEA disclaims all liability in connection with the appendix and any 
use made thereof.
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Establishing the Safety Infrastructure for a Nuclear Power Programme, to 
be published in 2011 additional information can be obtained from: http://
www-ns.iaea.org/tech-areas/safety-infrastructure/default.htm, identifi es 
actions that should be realized by the government, regulatory body, operat-
ing organization and other relevant organizations in the initial three phases 
of a NPP (i.e. before the decision to build the fi rst nuclear power plant until 
the plant is commissioned to operate (IAEA, 2008; INSAG, 2008)). In the 
INSAG-22 report (INSAG, 2008), consistent with IAEA (2008), the lifetime 
of a nuclear power plant is divided into fi ve phases from a nuclear safety 
standpoint and indicative average durations are provided for each of these 
phases.

• Phase 1 is ‘Safety infrastructure before deciding to launch a nuclear 
power programme’ (average duration: 1–3 years).

• Phase 2 is ‘Safety infrastructure preparatory work for construction of a 
nuclear power plant after a policy decision has been taken’ (average 
duration: 3–7 years).

• Phase 3 is ‘Safety infrastructure during implementation of the fi rst 
nuclear power plant’ (average duration: 7–10 years).

• Phase 4 is ‘Safety infrastructure during the operation phase of a nuclear 
power plant’ (average duration: 40–60 years).

• Phase 5 is ‘Safety infrastructure during the decommissioning and waste 
management phases of a nuclear power plant’ (average duration: 20 to 
more than 100 years).

The present appendix uses the same approach in considering phases 1, 2 
and 3.

A video presentation introducing the purpose and content of the IAEA 
safety guide can be found at http://www-ns.iaea.org/downloads/video/ni/
training-ds424/index.htm.

Nuclear technology, based on nuclear physics and other advanced scien-
ces and technologies, demands high levels of knowledge and experience as 
priority must be given to safety. Decision makers must be aware that build-
ing nuclear safety competence is a multidisciplinary and multi-institutional 
undertaking with a scope, level of effort and cost well beyond that normally 
required for other industrial developments. This awareness is essential for 
an informed national commitment, if a decision to embark on a NPP is 
made. It is essential to build institutional knowledge, and to attract, train 
and sustain a competent workforce capable of conducting a safe and reli-
able nuclear programme. This includes managerial and subject knowledge 
with a special focus on nuclear safety matters. The following aspects should 
be considered:

• Evolving needs in the various phases of safety infrastructure
• Target persons and organizations to receive training
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• Type of knowledge required
• Depth of knowledge required.

Depending on the phase of development and resources of the country, these 
aspects may vary. When a decision on whether or not to embark on nuclear 
power is to be made as in phase 1, the type and depth of knowledge, target 
people and organizations are different than in phase 3 when the type of 
plant and reactor design are already known. Also the number of personnel 
needed and the time-frame for training the workforce are important para-
meters to take into account in planning to build the necessary 
competence.

Related to the main aspects of the safety infrastructure and actions and 
actors involved in the application of the safety standards, the IAEA has 
identifi ed 11 modules for which safety packages have been produced, 
including the related safety standards, available tutorial materials, review 
services, and workshops and seminars:

• Module 1 – Governmental, Legal and Regulatory Framework for Safety
• Module 2 – Human Resources Development
• Module 3 – Leadership and Management for Safety
• Module 4 – Radiation Protection
• Module 5 – Site Survey, Site Selection and Site Evaluation
• Module 6 – Safety of Radioactive Waste, Spent Fuel and Decommissioning
• Module 7 – Emergency Preparedness and Response
• Module 8 – External Support Organizations and Contractors
• Module 9 – Safety in Design, Safety Assessment and Research for Safety
• Module 10 – Transport Safety
• Module 11 – Interaction with Nuclear Security

A3.2 Building competence and effectiveness 

of training

The need for and importance of nuclear competence are underlined in the 
IAEA safety standards as they have an impact on safety (IAEA, 2002, 
2006b,c, 2010). In building the necessary capacity and competence for a 
country, one must emphasize the convenience of using the national 
resources: universities, research centres and industrial institutions, up to the 
maximum possible level, in those training activities. Various dimensions 
should be considered: institutional, technical, organizational and manage-
rial. Training must be tailored to the different areas and target audiences. 
For example, a training programme for enhancing the institutional capacity 
might be focused on the national structure and study of successful institu-
tions in other countries; a training programme for improving the technical 
areas might use courses from universities and training materials from the 
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industry; and a training programme for effective management can benefi t 
from several successful experiences in the nuclear fi eld. Given the compre-
hensive lists of subjects and training materials, there is a risk for the embark-
ing country to try to fulfi l a variety of courses without having conducted 
proper analysis and identifi cation of needs, target audience, phase of devel-
opment of the country, and analysis of resources available at a national 
regional and international level. However, the success of training lies in a 
good system for management of competent and well-trained trainers.

Effective training goes beyond the actual training materials and courses. 
It must be framed in a management system including training needs assess-
ment, design of the training for fulfi lling the identifi ed needs through con-
scientious identifi cation of learning objectives, time allocation, methods of 
training, exercises, appropriate materials, implementation through interac-
tive and motivational techniques, and assessment of the training. One of the 
prime training target groups is the high-level management of the project 
who have an important role in defi ning the needs for specifi c training along 
the life of the project. For instance, there should be well-defi ned training 
programmes for technology selection, site analysis, design and construction, 
quality assurance, commissioning and operation, all under the ownership of 
the managers of such activities. This ownership is of particular importance 
during the operation phase. Training managers must have the necessary 
expertise to analyse needs, and these needs should be defi ned in close col-
laboration with the managers of the activities to be analysed. Moreover, 
they must assign adequate care to the design and implementation of the 
training to fulfi l the specifi c gaps. This last aspect does not always receive 
the necessary attention as we tend to believe that the best experts are the 
best trainers disregarding the fact that they might fail to communicate, 
involve, motivate, respect the trainees and follow their development. ‘Train 
the trainers’ programmes are one of the most effi cient ways of investing in 
training, if effectiveness is searched for. Aspects of training such as com-
munication must also take account of the national culture.

The IAEA has developed comprehensive safety competence frameworks 
for identifying training needs, and training materials and curricula for those 
competence areas. It also provides support through seminars for training 
managers that focus on the use of the IAEA training materials and docu-
ments for designing tailored programmes for the training needs of the 
organization. Practical training is supported through fellowships.

Mention must be made here of the IAEA Systematic Assessment of 
Regulatory Competence Needs (SARCoN) guidelines (http://www-ns.iaea.
org/training/ni/tools-networking.asp?s=9&l=75) which is a revision of 
TECDOC-1254, Training the staff of the regulatory body for nuclear facili-
ties: A competency framework (IAEA, 2001). These guidelines explain the 
process of systematic training needs assessment and include questionnaires 
for self-assessment of competence needs with more than 100 competencies 
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under a four-quadrants framework. The Annex in Section A3.13 gives 
examples of these competencies and how they are organised along four 
quadrants.

A3.3 Training of leaders for safety, 

emerging regulators

Training of leaders for safety is a determining component of an effective 
strategy for building competent organizations. The question often arises of 
what it takes to build a competent regulatory body in a country that wants 
to embark on nuclear power. In answering this question, some struggle, 
giving advice on the number of staff and qualifi cations of all staff, technical 
areas, costs and time frames. There are no prescribed models of regulators 
recommended in the IAEA safety standards. Reality shows that depending 
on the regulatory approach, culture and infrastructure of the country, the 
regulator’s staff numbers vary dramatically. The number of staff needed 
depends heavily on the degree of outsourcing of competence at a national, 
regional or international level. Also the national system of technical safety 
and support organizations is an important variable in the equation. An 
organization of 50 perfectly qualifi ed technical people does not necessarily 
constitute a regulator. The regulator is defi ned within a system of people 
and processes resulting from national and international experience and 
cooperation, knowledge exchange and cultural factors. The most effective 
approach for building a competent nuclear safety organization is not only 
training a number of people in technical areas (i.e. see quadrant 2, Fig. A3.1) 
but also designing and implementing training for leaders in safety values 
(i.e. see along the lines of quadrant 4, Fig. A3.1). Training a reduced group 
of effective leaders and managers might be the best way of achieving the 
optimal resources. Excellent safety leaders would learn the right values for 
safety, draw wisdom from the international environment, adapt the knowl-
edge in their cultural environment, fi nd the tools, seek the necessary agree-
ments, make effi cient use of national resources, and cooperate regionally 
and internationally to acquire and maintain the necessary competence. Ten 
well-trained leaders and managers who take responsibility and commitment 
might be more effi cient than 50 trained engineers. Training for leaders and 
managers to use effi ciently all the international knowledge, information and 
resources already available is a real challenge in the training programmes.

A3.4 Challenges for building sustainable 

competence systems

Due to the limited resources of the IAEA for the increasing demand 
for training that stems from the interest in safe nuclear development, the 
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1. Legal basis and regulatory 

process competencies  

· Legal basis 

· Regulatory processes 

· Regulatory guidance documents 

· Licence and licensing documents 

· Enforcement process 

2. Technical disciplines competencies 

· Basic technology 

· Applied technology 

· Specialized technology 

3. Regulatory practices competencies 

· Safety-focused analytical 

techniques 

· Inspection techniques 

· Assessment techniques 

· Investigation techniques 

4. Personal and interpersonal 

effectiveness competencies  

· Analytical thinking, problem 

solving and decision making 

· Personal effectiveness 

· Communication 

· Teamwork 

· Management 

A3.1 Four quadrants competencies model based on TECDOC-1254 and 
SARCoN guidelines.

question often arises of what would be the most effective strategy for coun-
tries to build the necessary safety competence in a sustainable way. It is 
important to seek the best basis for absorbing external support in a sustain-
able way. Factors that play an important role and need to be optimized are 
the national capacity and infrastructure of the country and the resources 
from regional and international cooperation. At a national level it is neces-
sary to analyse the needs at an institutional, organizational, managerial and 
technical level. This analysis will help to identify measures to strengthen the 
‘national capacity for building competence in a sustainable way’.

There is a need for optimization of national capacity, regional and inter-
national resources. It is important to underline knowledge transfer and 
ownership. There is a proliferation of offers for international courses in 
nuclear safety and this might make it diffi cult to be an intelligent customer 
and choose the best outsource of training for the needs of the organization, 
operator or institutions of the country. Expensive contracts for training can 
be signed that do not always result in effective transfer of knowledge. The 
trainees benefi t individually but do not necessarily use and transfer that 
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knowledge to others in their home country. It is recommended that any 
outsourcing of knowledge and training includes in its agreement or contract 
a clause for knowledge transfer. Training received externally or outsourced 
should include as an additional activity that trainees be instructed as train-
ers in order to enable them to design a repetition of the received training 
back in their organization through adapting it to their needs. Organizations 
should have adequate systems to capture the knowledge, retain it and 
repeat the training in-house.

A3.5 IAEA training materials and related resources

The IAEA developed a strategy for its activities related to education and 
training (E&T) assistance to Member States (MS) in nuclear safety. The 
strategy is evolving and being successfully implemented. A methodology 
was developed for identifying knowledge gaps based on competency frame-
works. Extensive education and training multimedia material based on the 
IAEA safety standards has been produced and made available to the 
Member States. Documents, lectures and other nuclear installation safety 
E&T material can be obtained directly from the IAEA website (http://
www-ns.iaea.org/training/ni/default.htm).

Assistance has been provided to perform training needs assessment, to 
identify gaps, to design safety-related training programmes and to imple-
ment training using the training material prepared by the IAEA and made 
available to MS.

A3.6 IAEA training resources on the Web

Within the IAEA, training materials and resources can be grouped as 
follows.

A3.6.1 Main training strategies in the thematic areas of 
the IAEA’s work

The various IAEA departments dealing with nuclear safety and security, 
nuclear development, nuclear sciences and applications, safeguards, techni-
cal cooperation and offi ces such as the Offi ce of Legal Affairs, have devel-
oped in some cases specifi c strategies for training support of the MS. These 
are usually collected on a main web page for public information under the 
department or offi ce. In addition, there are dedicated pages for information 
systems or target groups. A specifi c site for safety infrastructure deserves 
special mention that was built to make available all tutorials and workshops 
related to embarking countries (see http://www-ns.iaea.org/tech-areas/
safety-infrastructure/default.htm).
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A3.6.2 Training materials

A variety of courses and materials are available in different formats on the 
Web (http://www-ns.iaea.org/training/ni/materials.sp). There are basic pro-
fessional courses and masters’ degrees at a postgraduate level that give an 
overview of nuclear safety and the IAEA safety standards. These are often 
in e-textbook format. Due to its importance, regulatory control is the subject 
of a specifi c textbook and materials (http://www-ns.iaea.org/training/ni/e-
textbooks.asp).

A3.6.3 Exchange of experience, training workshops

The IAEA hosts technical meetings to discuss safety issues and share expe-
rience of the Member States in safety as well as in the implementation of 
the safety standards (http://www-ns.iaea.org/standards/). Training seminars 
are also held in other organizations in cooperation with the IAEA. A 
number of these events are fi lmed and video presentations made available 
for ‘training and exchange of information on safety issues. Some of this 
multimedia material can be found on the IAEA website (http://www-ns.
iaea.org/training/ni/multimedia.asp).

A3.6.4 Training tools and services

A number of areas of work within the IAEA have developed specifi c tools 
and services. For instance, in the nuclear regulatory area, there is a knowl-
edge gap analysis tool called SARCoN (Systematic Assessment of 
Regulatory Competence Needs) (http://www-ns.iaea.org/training/ni/tools-
networking.asp) which includes a software application. This tool offers a 
competency framework for regulators to identify in a systematic way the 
competency gaps in their organization and help plan future training pro-
grammes or competence outsourcing. An example of such a service is ‘train 
the trainers’ based on the IAEA materials. This assists the trainers in using 
the IAEA training materials to design training programmes tailored to 
their organizational needs. These tools are available upon request addressed 
to the IAEA training coordinator of the Division of Nuclear Installations 
Safety (for further information please contact NSNI Training) and can also 
be requested through Technical Cooperation programmes which have sup-
ported tens of seminars based on the application of these tools.

A3.6.5 Training events and fellowships

A variety of training events and courses are held all over the world which 
the IAEA sponsors or organizes. Information on these events is available 
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on the IAEA website (http://www.iaea.org/Publications/Training/index.
html; http://ola.iaea.org/OLA/what_we_do/fellowship.asp). Proceedings 
and materials from the presentations are sometimes made available for 
information or self-study. Moreover, practical training is supported through 
fellowships in either the IAEA headquarters or other organizations.

A3.6.6 Support to regional cooperation and networks

Regional cooperation and networking is an effi cient way of disseminating 
knowledge and facilitating training and accessibility to training materials. 
The IAEA cooperates in various regional networks that support knowledge 
in the area of nuclear safety (see the Asian Nuclear Safety Network (ANSN) 
below).

A3.7 The IAEA interdepartmental group on training 

and Web-based training resources

In 2008 an interdepartmental group on education and training was estab-
lished in the IAEA in order to seek in-house harmonization and improve-
ment of the training-related services to the MS. A working subgroup was 
set up in order to explore all the training resources available within the 
IAEA across the different areas of work, offi ces and departments. This 
group has identifi ed IAEA web links under the above categories and com-
piled them into a centralized web page for training resources and materials 
(http://www.iaea.org/Publications/Training/index.html) where the user can 
fi nd training-related resources as well as other knowledge database and 
information resources.

A3.8 Regional cooperation, knowledge networks and 

harmonized approach to training management

The Education and Training Topical Group (ETTG) of the Asian Nuclear 
Safety Network (ANSN) is an example of regional cooperation (www.ansn.
org). This group consists of Asian countries willing to cooperate in the area 
of competence, knowledge and training for nuclear installations safety. 
Between 2006 and 2010, the ETTG built a general competencies framework 
(GCF) with more than 100 competencies in the area of nuclear safety based 
on the IAEA documents. The GCF identifi ed different levels of knowledge 
(basic, medium and expert) and target audiences (regulators, operators, 
technical support organizations, and the general public). The ETTG then 
populated each of the areas of the general competencies framework with 
all the training materials and courses available in the Asian countries and 
in the IAEA and shared these on their web-based platform. Moreover, the 
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ETTG countries conducted systematic training needs analysis by perform-
ing competencies gap analysis against the general competencies framework. 
By analysing which parts of the GCF were relevant in their national situa-
tion and future plans, they then identifi ed their national training framework 
(NTF) which they used as a basis for planning, training and prioritizing 
external assistance.

Finally, the ETTG share among their members experience and knowl-
edge as well as all the training materials from the IAEA courses held in 
the participating countries. They are a good example of an experts’ network, 
and they all benefi t from the regional resources such as regional training 
centres.

A3.9 Conclusions and recommendations 

for effi cient and sustainable training systems 

to build competence

Based on the experience from (1) supporting training and competence of 
human resources in countries interested in developing nuclear power pro-
grammes, (2) the application and seminars of the principles of the system-
atic approach to training (SAT) and SARCoN guidelines in more than 15 
countries, (3) recommendations of the IAEA safety standards, in particular 
no. GS-G-1.1, Organization and Staffi ng of the Regulatory Body for Nuclear 
Facilities (IAEA, 2002), and (4) the research through questionnaires and 
analysis conducted by the Steering Committee of Competence of Human 
Resources for Regulatory Bodies, the following recommendations can be 
singled out:

• Establishing a policy for training and building competence. It is impor-
tant that a policy is written, understood and followed by the concerned 
parties. The policy can be at a national level or for specifi c organisations. 
Commitment of resources, knowledge transfer and sustainability should 
be an important part of that policy.

• Use and build national resources as much as possible for training and 
conduct an analysis and planning for a best optimal balance of regional 
and international cooperation and support to fulfi l national gaps.

• Knowledge gap analysis and Systematic Training Needs Assessment 
(STNA). It is a fi rst and necessary step to conduct an analysis of what 
is available and what is needed before starting to plan training and 
competence development. For some specifi c organizations such as an 
operator or regulator, there are well-defi ned competence frameworks. 
In the case of governments, competence frameworks, though still con-
sidered necessary, are often less developed.
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• Competence management tools and planning. Once knowledge and com-
petence gaps are identifi ed, the next step is planning to fulfi l the gaps. 
For that, scenarios must be developed taking into account the expected 
workload, workforce and available resources. When a plan is developed 
it is necessary to have in place knowledgeable individuals (training 
managers), processes and resources for implementing and assessing the 
plan.

• Sustainability, ownership and knowledge transfer should be a part of 
agreements and activities. One good practice is to train the trainers to 
use in an optimal way the comprehensive information and materials that 
are already available publicly to design effectively the training tailored 
to their organizations. The IAEA successfully provides workshops for 
adapting the IAEA training materials to trainers’ needs.
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A3.12 List of abbreviations and acronyms

ANSN Asian Nuclear Safety Network
ETTG Education and Training Topical Group
E&T Education and training
GCF General competencies framework
HRD Human resources development
IAEA International Atomic Energy Agency
KSA Knowledge, skills and attitudes
MS Member States (of the IAEA)
NPP Nuclear power programme
NTF National training framework
SAT Systematic approach to training
STNA Systematic training needs assessment
SARCoN Systematic Assessment of Regulatory Competence Needs

A3.13 Annex: Four quadrants competencies model 

based on TECDOC 1254 and SARCoN guidelines

A3.13.1 Competencies related to legal basis and 
regulatory processes

This list includes competencies associated with both the legal basis and the 
regulatory process under which the regulatory body operates (guidelines 
available under http://www-ns.iaea.org/training/ni/tools-networking.asp). 
Legal basis competencies include those related to nuclear and other rele-
vant legislation, decrees and regulations of the central government and 
local jurisdictions. Regulatory process competencies comprise knowledge, 
skills and attitudes (KSA) related to regulatory policies, procedures and 
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other regulatory guidance documents as well as licensing documents that 
the staff members employ to carry out their duties.

These competencies and the associated KSAs include the following:

• Legal basis competency. The ability to read, comprehend, interpret and 
use relevant documents that establish the legal requirements for obtain-
ing a licence, and the powers of the regulatory staff and the limits to 
these powers.

• Regulatory process competency. The performance of work in accordance 
with rules, regulations and established regulatory protocol to achieve 
the relevant regulatory objectives.

• Regulatory guidance documents competency. The capacity to produce 
regulations and guidance documents including policies and procedures 
containing practical steps on how regulatory requirements could be 
satisfi ed by the licensees and be adjudicated by the regulatory staff.

• License and licensing documents competency. The capacity to ensure 
that the licence and the associated licensing documents comply in form 
and contents with the regulatory requirements. This competency is 
related to a concept used by some regulatory bodies known as the safety 
case or safety envelope, which is normally defi ned by a licence and the 
associated licensing documentation.

• Enforcement process competency. The provision of a supportable recom-
mendation of enforcement action in accordance with regulatory body 
policy.

A3.13.2 Competencies related to technical disciplines

This section addresses competencies associated with technology in various 
fi elds and areas that are needed by the regulatory body to carry out its 
overall responsibilities.

• Basic technology competency. Comprehension of science and engineer-
ing fundamentals in a particular fi eld equivalent to a university degree. 
Examples are:
– Nuclear engineering
– Nuclear physics
– Chemical engineering
– Material science
– Mechanical engineering
– Civil engineering
– Earth sciences
– Environmental engineering
– Computer science
– Electrical engineering.
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• Applied technology competency. Additional comprehension and demon-
strated ability to apply engineering and science concepts in relation to 
the nuclear industry. Some typical applied technology areas for which 
many regulatory bodies provide technical training for regulatory body 
staff are listed below. Regulatory bodies commonly provide such train-
ing to generalists to broaden their competencies in specifi c areas. 
Regulatory bodies sometimes also provide such training to specialists 
in areas other than their speciality to broaden their perspectives of how 
their speciality area relates to other areas for which the regulatory body 
has jurisdiction. Examples are:
– Reactor technology
– Fuel cycle technology
– Engineering techniques or technical issues
– Radiation protection as applied to nuclear facilities and to industrial 

uses of radioactive sources
– Nuclear safety technology including safety and risk analysis.

• Specialized technology competency. Comprehension and demonstrated 
ability to address and resolve issues in a specialized fi eld. Some typical 
scientifi c fi elds or specialized areas that are common to many regulatory 
bodies are listed below. It should be noted that this is a sample list only 
and that a particular regulatory body may require competencies in other 
science and engineering areas:
– Instrumentation and control
– Criticality analysis
– Nuclear material control
– Software reliability
– Fire protection
– Human performance engineering/human factors
– Fracture mechanics
– Corrosion chemistry
– Thermal hydraulics
– Health physics.

A3.13.3 Competencies related to regulatory practices

• Safety-focused analytical techniques competency. The objective analysis 
and integration of information using a safety focus to develop a sup-
portable regulatory conclusion.

• Inspection techniques competency. The independent gathering of infor-
mation through objective review, observation and open communica-
tions, and determining the acceptability of information by comparing it 
to established criteria.
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• Auditing techniques competency. The review of documents and/or pro-
grammes for conformity to established standards and procedures and 
making recommendations based on the results.

• Investigation techniques competency. The pursuit of the cause of events 
arising from notifi cations, incidents or information obtained during 
inspections and/or evaluations and gathering evidence in order to make 
regulatory decisions.

A3.13.4 Competencies related to personal and 
interpersonal effectiveness

This section addresses competencies associated with the personnel and 
interpersonal effectiveness of regulatory body personal while carrying out 
regulatory activities either individually or as part of teams.

• Analytical thinking, problem-solving and decision-making competency. 
Approaching problems objectively, gathering and integrating informa-
tion, and developing a comprehensive understanding to reach 
conclusions.

• Personnel effectiveness competency: information technology + planning 
and organization of work + self-management competencies. Using tech-
nology to create, gather, manipulate, communicate, and/or share infor-
mation. Effective and effi cient coordination of tasks to achieve a desired 
objective. Working independently, exercising judgement and exhibiting 
fl exibility in the completion of activities, especially during diffi cult or 
challenging situations.

• Communication competency. Engaging in effective dialogue, representa-
tion and interaction with others through committed listening, speaking, 
writing or delivery of presentations. Understanding the true interests of 
people and delivering meaningful understandable messages.

• Teamwork competency. Working in collaboration with others to achieve 
common objectives.

• Management competency: leadership + negotiation + project manage-
ment competencies. Exemplifying by practice tolerance, objectivity, 
openness and fairness in dealing with colleagues and subordinates; 
dealing with stakeholders to achieve a consensus view over a strategy 
or programme of actions to achieve safety improvements; completing a 
set of complex tasks in a coordinated manner to preset time, scope and 
budget.
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Appendix 4
Simulator training for nuclear power plant 

control room personnel

E. LINDAUER, formerly Director of the German Simulator 
Centre (GfS), Germany

Abstract: Training at a full-scope simulator is an indispensable part of 
the training of the shift crews of nuclear power plants. This appendix 
discusses the competences these personnel need, the content of the 
training and the elements which make up good training. Important 
elements are systematic planning, well-trained instructors, a focus on 
shift cooperation, assessments of the trainees and the programme, a 
suitable simulator and strong operations management involvement. 
Modern training simulators can be used for many purposes in addition 
to training.

Key words: simulator training, control room personnel of nuclear power 
plants, full-scope simulator.

A4.1 Reasons for simulator training

The direct operation of a nuclear power plant (NPP) is done by the main 
control room crew. Their actions are in accordance with operation plans, 
management directives and plant procedures, but the immediate action is 
taken by the shift personnel. Actions could be observation and interpreta-
tion of variables, switching systems and components on and off, taking 
controllers in automatic or manual mode, changing set points of controllers, 
adjusting valve positions, releasing work to be done on systems and accept-
ing them back for operation afterwards. A minor part of the work is not 
done in the control room but directly at the systems, but this, too, is under 
the direct control of the control room personnel.

The type of work to be done is very different: the plant may be in normal 
operation, there could be a necessity to react to unexpected failures or 
malfunctions of systems or components, and the crew must also be able to 
cope with incidents and accidents.

• Evolutions in normal operation are planned and prepared for, i.e. as 
needed, the work and the procedures to be used can be talked through 
beforehand, and potential diffi culties and risks discussed so that every-
body has a clear picture of the imminent operation. Tasks in normal 
operation vary from simple one-actuation/one-effect actions to long 
sequences of interdependent operations of many systems, like the 
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start-up of a plant from the cold shut-down state or the shut-down from 
power operation.

• Malfunctions of components and systems occur unexpectedly. 
Nevertheless there is a preplanned reaction to them. There may be some 
automatic response and in any case there are instructions for the actions 
of the crew. They have to make sure what the problem is and then 
determine whether the failure has an effect on the overall operation of 
the plant, whether such an effect can be averted, whether a failed func-
tion can be repaired or replaced, whether operation can be continued 
with or without changes in operation or restrictions or whether the plant 
has to be shut down.

• There can be serious incidents and accidents. The immediate response 
to these is automatic. The reactor will be shut down and safety systems 
started as needed to bring the plant into a safe state for a suffi ciently 
long time. There will be lots of changes in plant parameters and numer-
ous alarms going off. The crew has fi rst to verify that a limited number 
of critical functions are performed, like the reactor is shut down and 
fuel cooling is available, which can be verifi ed by checking about 25 
parameters. This includes the control that the required automatic actions 
have taken place and the initiation of manual actions if needed. They 
then have to diagnose in which type of state the plant is (e.g. leakage or 
not from the primary coolant system, how is the residual heat removed, 
what is the actual heat sink) in order to determine the further operation 
to transfer the plant in a permanently safe state. This may but needs not 
necessarily include the identifi cation of the fault that caused the event. 
Based on this information the appropriate operating strategy is deter-
mined and put in practice. During further operation they have perma-
nently to monitor that the strategy chosen was the correct one and 
serves its purpose and that no new diffi culties occur which have to be 
taken into account. All these diagnostic and operative actions are sup-
ported by emergency operating procedures and different information 
systems depending on the layout of the control room.

To perform all these activities safely and reliably the shift needs a solid 
basis. Especially, the individuals need to be well trained and they need to 
work in an effective organisation. The plants are different as well as the 
control rooms and the shift organisations. So in detail the performance of 
the shift crews is different. There are, though, constant features found in 
every plant.

There is one person in charge of the management of the shift crew. This 
individual takes the necessary decisions and gives directions to the shift. 
This person, called, for example, the Shift Supervisor, is in most cases 
permanently in the control room and performs this function during all 
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operating situations. But there are other forms of organisation. For example, 
there may be a person who works near the control room and takes over 
control only when needed, notably when diffi culties arise. There may also 
be a person on quick call who does not take over control but acts as an 
advisor to the Shift Supervisor. Most shift organisations provide, especially 
for the case of incidents and accidents, for more than one person in the shift 
coordination function so that they can share the workload arising from 
directing the plant operation and communicating with parties outside the 
control room.

The personnel described in the last paragraph do not directly manipulate 
the plant. This is done by typically two or three operators. Normally each 
of them is assigned a group of systems – which corresponds to a certain 
section of panels in the traditional control room design. They monitor these 
systems and perform switching operations as needed under the direction of 
the Shift Supervisor. Depending on the design of the control room there 
may be besides the main panels a number of boards where, for example, 
systems may be presented in more detail than on the main panel, so that 
single components can be switched. There may be an operator roaming in 
front of these boards under the direction of either the Shift Supervisor or 
an operator.

The expectation of course is that the shift handles all the situations dis-
cussed above safely and professionally as if they did it every other day. An 
indispensable prerequisite for this is a broad and solid knowledge of the 
plant, its behaviour, the operating strategies laid down in the procedures 
and the documents at hand for the use of the shift. But knowledge is not 
enough. The crew members need to act professionally and with certainty. 
The difference between a person who knows how a challenging task has to 
be performed and a person who can do it reliably is experience. For many 
tasks of the operating personnel the experience cannot be gained through 
plant operation because the related situations are too rare. This is even true 
for some normal operation situations. For example, start-up from cold shut-
down may happen in a certain plant only once a year. With six shifts some 
crew members may not have seen a certain phase for a decade. And many 
accidents that the crew is expected to handle safely have never occurred at 
any plant. Therefore the personnel need a facility where they can gain the 
necessary experience under conditions as real as possible, and that is the 
simulator.

A4.2 Deciding who should be trained 

in full-scope simulators

From the previous section it is clear that the control room personnel, the 
people directly operating the plant, are the most important group to receive 
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full-scale simulator training. This includes the individuals who perform 
switching operations as well as the individuals giving directions to them. If 
the organisation stipulates that supervisors who normally work outside the 
control room are called in certain situations and then take control over the 
plant operation, these persons need to take part in the simulator training, 
too. The same holds if the person called in acts only as an advisor to the 
control room manager in charge.

For this group of personnel simulator training in a full-scale simulator is 
indispensable. They need to have been trained on the simulator when they 
assume their duties and to continue regular training as long as they perform 
them.

The control room crews commissioning a new plant have the same 
responsibilities as the crews of an operating plant. Well before nuclear 
operation they need to have the same competences. They therefore have to 
be trained at a training simulator. The training content can be different in 
certain areas, because commissioning offers experiences in the real plant 
which during normal operation can only be gained at a simulator.

It is highly advisable that plant managers in the direct reporting line of 
the control room personnel, e.g. Operations Manager, Plant Manager, etc., 
in addition to observing simulator training, also participate in simulator 
training. They do not need to be able to perform the task of the control 
room personnel in detail, but they should have a realistic picture of what 
the control room work looks like. This is necessary because the manage-
ment sets the standards for the work in the control room, approves proce-
dures, decides on improvements of the control room, training facilities, etc., 
i.e. they are responsible for the work environment of the control room crew. 
Many of these individuals have a control room working history of their own, 
but this may be some time ago. Management training of course would be 
specifi c and a frequency of once in several years would be appropriate.

Many utilities fi nd a certain amount of simulator training useful for the 
plant engineers. It helps meet the needs of operation in engineering changes 
and facilitates communication between the two groups.

For authority personnel overlooking the operation of NPPs, some impres-
sion as to how a plant is operated is also advantageous and some simulator 
training is useful to this end.

Simulator training for NPP personnel has been used since the 1960s. In 
the early days there were training settings which would not meet today’s 
expectations: there were simulators with only a general similarity to the 
plant, some models being overly simplifi ed due to lack of computer power. 
Several means were utilised to compensate for the shortcomings. Since then 
the requirements have been signifi cantly increased. At least in the last two 
decades, it is generally accepted that a systematic training at a full-scope 
simulator with a good representation of the plant is an indispensable 
element of plant orientation.
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A4.3 Operating scenarios for training

In principle, all operating situations have to be trained which are postulated 
to be handled by the operations personnel, and where the profi ciency of 
action is dependent on prior exercise which cannot be gained suffi ciently 
during plant operation. This includes normal operation, component and 
system malfunctions, incidents and accidents, and beyond-design accidents. 
There will be some differences between initial and continuing training. In 
initial training the operation of all systems has to be learned, i.e. including 
routine actions which later on are suffi ciently exercised at the plant itself. 
Also in order to understand the strategies for coping with incidents and 
accidents these situations will be fi rst trained without any additional com-
plications. But at the end of initial training the trainees have to meet the 
same expectations as their colleagues in operation. Especially, they need to 
be able to diagnose situations that are initially unclear; this is best trained 
by inserting additional failures, faulty instrument readings and other dis-
turbing problems.

To assess whether performance is dependent on prior exercise, different 
approaches may be used. As an example the following criteria are men-
tioned which are used in the German simulator training centre. There, a 
need for exercise is stated for all situations which:

• the personnel may perceive as stressful (this includes all accidents within 
and beyond the design basis);

• are complicated, e.g. with regard to their physical background, the I&C 
involved;

• are sensitive, i.e. mistakes may have large consequences, or
• are rare in real operation.

For beyond-design accidents there are limitations for the usefulness of 
simulator training. A number of decisions will be taken by the emergency 
management on the basis of various analyses. Only the actions in the control 
room would be trained on the simulator if reasonable, e.g. venting of the 
containment by opening two valves after many hours is no candidate for 
simulator training. Also evolutions should be presented on a simulator only 
if their realism is assured.

A4.4 Competencies to be acquired

The basic competence the control room staff needs is a thorough technical 
understanding of the plant and its behaviour. In fi rst learning this under-
standing, simulator training plays a supporting role. The basis has to be laid 
by classroom training, study of reports and other instructional means 
for knowledge transfer. But simulator training is then a good means to 
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strengthen and deepen the knowledge by application and exercise. And 
certainly simulator training is important for maintaining the technical com-
petence. There is no better way to realise whether one has really understood 
a matter than to solve real problems.

The members of a shift group must be able to work together effi ciently 
as a team. This starts with simple things: they have to be familiar with the 
control room and its instrumentation and the documentation for operation. 
They have to follow routine expectations regarding work performance: use 
of procedures, checking that an intended switching operation is performed 
on the right device, application of double checking by a colleague if required, 
observing whether the intended effect results from an actuation. All of this 
has to be done in the same way in the real control room and at the simula-
tor, but the simulator also offers opportunities to exercise it in more com-
plicated situations.

Very important are management standards for the cooperation of the 
team. The communication is structured: the sender of a message has to 
address the receiver and deliver the message in an unambiguous way, nor-
mally using standardised wording; the receiver repeats what he has under-
stood, which the sender then confi rms. An order has to say clearly what 
should be done on what object, what type of feedback is expected and, if 
applicable, what should be paid attention to and what problems or risks 
may arise. The whole team has to know at all times what the present status 
of the plant is, which actions should be taken next and why. This is achieved 
by statements of the control room supervisor at intervals as required. All 
team members are required to announce any important changes in their 
working area. They are also required to tell when they are in doubt whether 
the shift supervisor’s assessment is right. They should also point out when 
they see problems in the working area of a colleague which require an 
environment of giving and accepting critique.

Decisions on the further course of operation have to be taken by the shift 
supervisor, as far as possible by making use of the whole team’s knowledge. 
Some plants have a formalised decision-making scheme which integrates 
the contributions of all team members. A special challenge is the phase 
immediately after the onset of a major disturbance of normal operation like 
an accident. There the status of the plant has fi rst to be diagnosed in order 
to take reasonable action. In many plants there are schemes for what checks 
have to be done fi rst and which information is to be collected in order to 
make this assessment.

Smooth and effi cient cooperation of the team is an ambitious aim. While 
some of the elements described in the last paragraph can be pretty well 
formalised, others cannot. But they can all be taught and trained. Especially 
for this part of the performance, a thorough debrief after the training is 
important.
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A4.5 Defi ning good simulator training

Good simulator training is a well-planned undertaking. Its contents are 
derived from systematic analyses of the tasks of the control room personnel. 
The same analyses are needed to generate the operating procedures for 
normal operation, malfunctions and accidents, instructions for alarm han-
dling, limits and conditions for operation and other operating documents. 
During construction of a new plant this information has to be delivered by 
the plant supplier. Representatives of the future plant owner should be 
involved early on.

From the task analysis there results a list of training goals from which 
certain goals are taken that are to be achieved by simulator training. This 
leads to a list of operating scenarios that have to be part of the simulator 
training. It is advisable that for a new plant the identifi cation of training 
goals and operating scenarios is done as much as possible by staff of the 
future plant owner in cooperation with the supplier. In an operating plant 
the maintenance and updating of all of these documents is the responsibility 
of the operations department.

The list of scenarios as described above denotes the content of the initial 
training. For the continuing training it has to be decided, in addition, which 
ones need to be refreshed and how often, e.g. the whole content of the 
continuing training can be repeated in a three-year cycle with some operat-
ing scenarios being taken only once in this time and others every year. The 
repeating periods are determined by experience, e.g. more complicated 
scenarios from which details may be forgotten easily have to be repeated 
more often. Repeating operating scenarios does not mean repeating the 
same exercises. It means that the training goals connected with this operat-
ing scenario are rehearsed with different exercises. The same approach 
which was used to develop the programme initially has to be maintained 
throughout its lifetime. Changes, e.g. in equipment, procedures or regula-
tory requirements, which may affect the training have to be analysed and 
if needed the training has to be changed accordingly.

In designing a specifi c simulator course more aspects have to be consid-
ered. Part of the exercises will come from the list mentioned above. Another 
part will cover operating experiences, especially incidents. Lessons from 
incidents in one’s own plant have to be disseminated to all shifts soon after 
they occurred, especially if they indicate training gaps. Incidents in other 
plants will be preferably integrated into a course which covers related 
issues. It is a routine task for a simulator instructor preparing a course that 
he scans the operating experience for information which is useful for the 
training goals at hand. An easy access to the operating experience has to 
be provided. An important part of the training is the familiarisation of the 
personnel with changes in the plant and in procedures. There must be an 
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organised way of getting this information for the simulator training. For 
plant changes this must be done with a suffi cient lead time because the 
simulator itself may have to be adapted. A good course has certainly to pick 
up specifi c needs of the participating students. These may be performance 
or knowledge gaps detected during plant operation, rehearsal of weak 
points of the previous course or relevant requests by the trainees.

These contents are arranged into a course programme. Although of 
course at the simulator many more perturbations of the operation occur 
than in the real plant, the aim is still to give the trainee as much as possible 
the feeling that he is working in the power plant. There should be undis-
turbed phases, the operating situations should, if possible, be logically 
arranged one after the other, and lengthy phases should not be unnecessar-
ily shortened by jumps; in short, evolutions which are impossible in the 
plant should be avoided if practicable. The evolution of the events has to 
be planned in detail. In particular, the expectations concerning what single 
trainees should do at what point of the scenario have to be defi ned and 
documented. Particularly on this point, there has to be a strong involvement 
of the plant management, since they must be sure that training received at 
the simulator is what is expected in the real control room. It is advisable 
for instructors and plant personnel to test a course at the simulator before 
presenting it to students in order to see whether everything works as 
expected, especially whether the expectations regarding the actions of the 
students are correct.

Good simulator training utilises a number of feedback loops. The most 
immediate is the briefi ng after a training session. The trainees discuss their 
performance, point out what they think went well, where they see areas for 
improvement and whether there are issues which need further clarifi cation. 
The instructors and management observers add their observations, pick up 
issues which the trainees did not realise and give guidance as needed. 
Lessons learned from the debrief are very effective since they are directly 
connected to the recent personal experience. The effectiveness of debriefs 
can be supported very much by technical means and it is highly advisable 
to use them: quick access and display of training and technical material, 
replay of recorded parameters, videotapes of the control room, restart of 
the simulation at a defi ned point. The debrief should cover the shift per-
formance with regard to technical and behavioural issues. The trainees 
should be given the opportunity to asses their performance. Instructors and 
management observers should take notes during the exercises to make sure 
that all relevant aspects are captured.

Another feedback loop is the evaluation of trainee performance for dif-
ferent reasons. In initial training the aim is to make sure that the students 
have achieved the training goals for the respective part of the training. It is 
also a goal to fi nd out at an early time in the training process if an individual 
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is not suitable for this particular job. The evaluation is done by observation 
during the training, oral or written tests and tests on the simulator. 
Consequences of negative evaluation results will in most cases be repetition 
of the items where gaps are detected, sometimes changes in the training 
programme and in rare cases taking individuals out of the training. In con-
tinuing training the main goal of the evaluation is to make sure that the 
personnel are prepared to perform their jobs to the expected standards. The 
best thing of course would be to evaluate this by observing their perform-
ance in plant operation, but this is only rarely possible because many capa-
bilities can only be observed in situations which are very unlikely in reality. 
If the reason for a certain training content was the observation of a per-
formance gap in the real plant, then it should be evaluated whether the gap 
was closed by the training. In most cases the evaluation can be done only 
at the simulator. The method can be by observing the trainees during the 
training sessions or performing separate examination scenarios. The evalu-
ation of the trainees must be done in a systematic way according to a written 
procedure. The criteria must be well defi ned and based on observable facts. 
They must be known to the trainees and the evaluators need to be trained 
in their application. In a given course the criteria are linked to the expecta-
tions defi ned during the course preparation. The results have to be explained 
to the trainees and possibilities for improvement should be discussed if 
necessary. Trainees should also be given the possibility to challenge the 
assessment. Therefore the evaluator should document the concrete situa-
tions and actions on which the assessment is based in order to support an 
objective discussion. Actions resulting from the evaluation are normally a 
statement that the trainee is qualifi ed for his job, often with recommenda-
tions in what areas he should try to improve further; in some cases remedia-
tion would be required and in rare cases an individual will not be allowed 
to continue with his job.

Another feedback loop is the evaluation of the effectiveness of the simu-
lator training. Again the performance of the personnel in the plant is the 
most reliable indicator, but only part of the relevant performance is observ-
able. A valuable feedback is the analysis of reports on incidents and other 
negative conditions in the plant. Their root causes have to be fi xed and part 
of it is suboptimal training. What can be readily collected and evaluated are 
the direct feedback of the trainees and the critique of managers observing 
the training. A valuable source of information is provided by the assess-
ments of trainee performance in the simulator training. They can tell some-
thing about the individual participant but also about the training. These 
assessments can be done at different times. So-called as-found tests, i.e. tests 
at the beginning of a training course, show the capabilities which the per-
sonnel have during their everyday work. These are, among others, the result 
of their simulator training programme. Tests at some time after the training 
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can be targeted on the question of how durably specifi c training goals have 
been achieved. An integral view of the simulator training programme or 
parts of it can be done by systematic assessments, which also draw on the 
information sources mentioned above. These may be self-assessments or 
reviews by peers from other plants. For plants which are part of a training 
accreditation scheme such assessments occur periodically. Accreditation of 
training programmes is used by all US and some other utilities. Since it 
covers all training activities and not just simulator training, it is not elabo-
rated here.

As mentioned before, the main purpose of simulator training is not to 
impart knowledge but rather to train its application in a realistic environ-
ment. But the simulator can be used very effi ciently to support the impart-
ing of knowledge. A split of time between simulator control room and 
classroom has proven to be useful. In the initial training the functioning of 
a system which was explained in the classroom can be immediately dem-
onstrated in the simulator. In grasping why the simulator behaves as it does, 
one’s own understanding is deepened and misunderstandings are prevented 
or corrected. In addition the link of a cognitive content with a visualisation 
strengthens the memory. In continuing training the same holds for new 
subjects, e.g. the functioning of a system after a major change. The larger 
part is maintaining the knowledge already acquired. Gaps can be recog-
nised during handling a scenario. The individual will try to revive the missing 
knowledge. In the debrief these points will be taken up and clarifi ed. While 
these are very useful activities, they are not suffi cient to maintain systematic 
knowledge. Time has to be allocated to discuss in detail the knowledge areas 
identifi ed to be needed for the job. Areas pertinent to the course pro-
gramme should be selected. Whereas in the initial training the sequence 
would mostly be fi rst the theoretical explanation and then the exercise, it 
should be the other way round in the continuing training.

The trainers have an essential role in good simulator training. There is 
normally more than one person with a similar or with different back-
grounds. Very often there are individuals specialising in simulator training, 
mostly called simulator instructors, and individuals from the operating line 
management. Depending on the organisation, there may be differences as 
to who contributes which part of the capabilities discussed below. This is 
not differentiated in the following, but just the tasks are mentioned that the 
operations personnel have specifi cally.

Overall the trainers must be able to support the trainees effi ciently in 
reaching the training goals. This implies that they are accepted by the train-
ees, i.e. the trainees are convinced that it is worthwhile and useful for them 
to listen to the trainers and follow their advice. A trivial requirement is that 
the trainers are able to operate the simulator professionally and make use 
of all its possibilities. Further, they have to be suffi ciently familiar with the 
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working situation of the trainees. If they have no operating background 
anyway, they have to spend some months in the control room. For the train-
ing as well as for the acceptance of the trainers it is important that they 
have a high professional competence. This implies technical capabilities, i.e. 
a thorough understanding of the plant and its behaviour and background 
and rationales for its design. It also implies behavioural aspects such as 
teamwork, leadership and communication.

In addition the trainers need to be profi cient in methods to facilitate 
effi cient training: to guide discussions, to put the right questions, to decide 
when to interfere and when not, to activate the initiative of the trainees, to 
observe and objectively evaluate the performance of the trainees, to criti-
cise trainees and accept their criticism, and to facilitate an effi cient debrief-
ing. In addition to these capabilities needed during the training, the trainer 
has to be able to prepare the training. This implies selection and composi-
tion of scenarios, incorporation of operating experience, preparation of 
training material, and defi ning the expected trainee response.

A line manager of operations may contribute to different parts of the 
training. But his main task is to make clear what benefi t the management 
expects from the training and what standards of performance they want to 
see followed in the control room. There must be no doubt that what is 
trained at the simulator is exactly what is expected in the control room. This 
message can be conveyed in the opening of the training, by challenging 
deviations during the training and by contributions during the debriefi ng. 
Of course, deviations from the expected standards have to be challenged in 
the same way during normal work.

For utilities which construct their fi rst nuclear power plant the availability 
of good instructors may be a challenge. The plant owner has to build up a 
training organisation well before taking over the plant in order to take care 
of training during operation. As regards simulator training, the instructors 
need to meet requirements in three areas: subject matter knowledge about 
the plant, instructional capabilities, and familiarity with the simulator.

One good possibility would be to employ individuals with instructional 
experience in other plants. They would join the training courses the plant 
supplier has to organise for the future operating personnel. A good oppor-
tunity to intensify the plant knowledge is the cooperation in the simulator 
development project, especially in testing. This gives also familiarity with 
the simulator, which in any case is the least time consuming of the capabili-
ties required. For support in plant knowledge it is advisable to arrange for 
experienced supplier personnel to stay at the plant after the start of com-
mercial operation, which is also useful for purposes other than training.

If individuals without former instructional experience are to be trained 
to become instructors, cooperation with other utilities or utility organisa-
tions is advisable. Future instructors have to attend courses on instruction 
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and have to practice as an assistant instructor in a suffi cient number of 
simulator courses. Their training for plant knowledge is as for the instruc-
tors with previous experience.

The simulator itself is obviously an important element of good simulator 
training. The requirements it has to meet are considered separately under 
the next header.

A4.6 Requirements for simulators

The general requirement for a training simulator is that all training goals 
can be reached in using it. This implies that not every detail has to be identi-
cal to the real plant. But since tolerable deviations pertain only to periph-
eral systems, this is neglected in the following discussion. Similarly the 
accuracy of the parameters displayed is not an end in itself. It has to be 
appropriate to support all training goals. The simulation has to be accurate 
enough that the parameters are plausible to the operating personnel, that 
they are able to assess the plant situation correctly and that the correct 
plant responses result. This can often be achieved by defi ning a certain 
tolerable deviation, e.g. 0.5%. In certain cases this is not enough, e.g. the 
main coolant temperature in a PWR is controlled in normal operation in a 
narrow band. A deviation of centigrades would not be plausible to the 
personnel and is therefore not tolerable in the simulator even if it would 
not change the overall plant behaviour too much. Another example is that 
relatively small differences in parameters can result in different plant reac-
tions, e.g. either one of two safety actuations with different consequences 
could be reached fi rst. If it is always the same in the plant, it must be the 
same in the simulator.

In summary, the simulator has to look like the control room, is operated 
like the plant, and responds in all regards perceivable for the personnel like 
the plant in all operating situations which are needed for the training. As 
regards visual perception this is achieved by building a replica of the control 
room with its panels and instrumentation.

The plant behaviour is produced by integrating mainly software models 
of the single systems and possibly hardware equipment (e.g. controllers) 
into one coherent plant model. It is important to keep in mind that these 
are models. They should be based as much as possible on fi rst principles, i.e. 
they should refl ect the underlying physical processes. This gives the best 
prerequisite that they will work appropriately over the entire range of 
operating situations needed. But still they can take into account more or 
fewer details of the underlying processes and they rely on a number of 
numerical coeffi cients, like heat transfer coeffi cients, which are of course 
known only with a limited accuracy. So it cannot be taken for granted 
that a good model will show correct results in every case. This has two 
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consequences. Before building a new simulator or replacing models in an 
existing one, the phenomena which are expected to be correctly reproduced 
need to be analysed and documented from a training point of view. The 
other consequence is that all important operating scenarios have to be 
tested extensively. In addition to model properties, simple mistakes, which 
are inevitable in a large software project, infl uence the result and necessi-
tate thorough testing. In summary, in a simulator the laws of nature apply 
only as far as they are correctly implemented and therefore in a strict sense 
only those results are reliable which have been verifi ed to be correct.

The simulator has to be kept at a high fi delity with respect to the plant. 
To this end modifi cations have to be performed. There are two reasons for 
modifi cations:

• Simulation defi ciencies are detected throughout the life of a simulator.
• Changes are made on the plant.

Both have to be collected and implemented in the simulator. For plant 
changes there has to be a systematic screening process which analyses each 
change with respect to its training relevance and leads to the decision 
whether a plant change is to be represented in the simulator or not. In 
implementing the changes, high quality software standards have to be 
applied to make sure that no degradation of the simulator is caused by the 
changes, and especially that no defi ciencies are introduced. This means the 
requirements of the modifi cation have to be defi ned, the software devel-
oped according to the standards for high quality software development, the 
modifi cation performed, its result tested and the changes documented. 
Since changes sometimes may have unexpected side-effects which are not 
detected through direct testing of the single modifi cation, integral tests of 
the simulator have to be performed about once a year. To this end a set of 
standard scenarios is run which cover a good deal of the operating situa-
tions needed for training. The results are compared with previous validated 
tests. If the modifi cations have to be distributed over a longer time, priori-
ties should be defi ned according to training needs.

The simulator is a training tool. It therefore has a number of features 
which allow the instructor to operate it in a way that best supports the 
training goals. There must be a number of initial conditions to start the 
simulator from, which should be easily adaptable to simulator modifi cations 
in order not to become obsolete. It must be possible to introduce different 
types of malfunctions, to freeze the simulation, jump back in time, replay 
some part of the simulation, accelerate slow processes, and record data for 
later discussion. With the current computer power, simulator manufacturers 
are able to offer instructor stations with a large range of functionalities. The 
instructors should be provided with fl exible means to generate good train-
ing. This enhances training effi ciency by saving instructor and trainee time 
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and it adds to the motivation of the trainees who appreciate having a quality 
tool for their training.

There are a number of properties of a simulator which in the fi rst line do 
not affect the training but the technical quality of the simulator. These are 
properties like reliability, maintainability and documentation of the model 
design. Economically it is worth considering carefully whether a higher 
investment pays because of lower operating costs and higher longevity of 
the simulator. In the second line these properties may also affect training 
if they cause downtimes of the simulators, cause diffi culties in performing 
changes or fi x defi ciencies timely and correctly. This also infl uences nega-
tively the acceptance of the simulator by the trainees.

The personnel that commissions a plant and starts its power operation 
needs the same qualifi cation as the personnel operating a plant which is 
already years in operation. Among others they have to train on a simulator. 
If the plant under construction is suffi ciently similar to an already operating 
plant, the simulator of the operating plant can be used. If this is not the case 
the simulator for the new plant must be ready for training in time, which 
means about one and a half to two years before nuclear operation. This is 
not easy to achieve. The design of the simulator has to start at about the 
time of the start of construction of the plant or before. Throughout the 
design of the simulator, many design details and other data of the plant 
needed for the simulation will not be available or may change. The simula-
tor may even be used to optimise the I&C design, possibly delaying the 
time the simulator will be fi nished. All this means that the simulator design 
is an iterative process which needs a very tight connection with the plant 
project. If feasible, the cooperation of the future operating personnel with 
the simulator development offers valuable learning opportunities. Especially, 
the testing of adaptations of the simulation to data from commissioning and 
to changes performed due to experiences gained from commissioning adds 
to a thorough understanding of the plant. This is no replacement for an 
initial simulator course similar to that of the personnel of an operating 
plant, which has to be done in addition. Even at that time the instructors 
preparing and delivering the course have to keep in mind what uncertain-
ties the simulation still has. When the plant is in operation the simulator 
will need an adaptation to the real data available only then.

A4.7 Other applications for training simulators

With the growing computer power the possibilities of utilising training 
simulators have been broadened and this will certainly continue. So the 
following examples are by no means exhaustive.

Simulators can support training in different ways. The use of stored data 
in the classroom to analyse the scenarios previously trained in the simulator 
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was mentioned already. But instead of stored data a simulation can also be 
provided to support the classroom training. It can be used for analysis of 
scenarios trained before, for demonstration to complement classroom 
teaching or for other teaching purposes. The input and output can be done 
on control room panels displayed on screens or in many other ways, e.g. 
using graphs or animated pictures.

At the simulator, procedures are used extensively, and therefore existing 
procedures and especially newly developed ones can be tested there effi -
ciently. This applies to the usability and practicability of different concepts 
to present the procedures but also to their correctness. So there is a wide 
range from just checking already developed procedures before their release 
for operation to utilising the simulator for developing them. If the proce-
dures are computer based, there is also a variety of possibilities to link them 
with supporting information in a user-friendly way.

Similarly, man–machine interfaces can be tested and optimised at the 
simulator. If the interface is via software panels, different concepts of pres-
entation can be fl exibly analysed, but even hardware panels can be handled 
by means of virtual reality. In new power plant projects simulators are used 
to develop the man–machine interface.

Many applications of simulators are possible because of the sophistica-
tion of the models which allow simulating complicated phenomena with 
good accuracy. So if beyond-design evolutions of the plant can be simulated, 
emergency exercises with extreme scenarios can be performed with simula-
tor support. Simulators can also be used for the analysis of events which 
occurred and also for safety analyses, e.g. for a safety case. In these applica-
tions it has to be carefully validated that the simulation is appropriate for 
the problem under consideration.

Simulators are also applied to support the design of plant systems, e.g. 
the functionality of I&C systems can be tested fl exibly at a simulator. This 
can be done with a simulated version of the I&C or by using identical ele-
ments of the plant I&C, e.g. the original software for a digital system. In the 
latter case even part of the commissioning can be done at the simulator, 
thereby saving costly downtime of the plant. The simulator even has advan-
tages over the plant since conditions can be simulated which are not feasible 
in the plant. Simulators are used to analyse design variants for other than 
I&C systems with a case-to-case validation as to whether the simulator 
response is adequate for that purpose.

A4.8 Conclusion

A full-scale simulator is an integral part of a nuclear power plant. It is 
necessary to operate the plant with acceptable safety standards. To make 
the best use of a simulator, it must be able to support all training goals, and 
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the simulator training has to be thoroughly developed and effi ciently deliv-
ered. Modern simulators offer benefi ts in applications additional to 
training.

A4.9 Sources of further information and advice

Use of control room simulators for training of nuclear power plant person-
nel, IAEA TECDOC-1411, September 2004
Contains examples from many countries of practices for organising and 
conducting simulator training, including procedures, training scenarios, 
instructor competence, debriefi ng and programme evaluation.

Authorisation of nuclear power plant control room personnel: Methods and 
practices with emphasis on the use of simulators, IAEA TECDOC-1502, 
July 2006
Contains development and examples of simulator examinations.

IAEA Technical Meeting on workforce planning for new nuclear power 
programmes, Vienna, 31 March to 2 April 2009
Contains contributions from various organisations on workforce planning, 
build-up and training.

Nuclear power plant simulators for use in operator training and examina-
tion, ANSI/ANS-3.5–2009, American Nuclear Society
Contains requirements on simulator capabilities, scope of simulation, testing 
and confi guration management.
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Appendix 5
Multinational Design Evaluation Programme 
(MDEP): multilateral cooperation in nuclear 

regulation and new reactor design

J. REIG, OECD/Nuclear Energy Agency, France

Abstract: The Multinational Design Evaluation Programme (MDEP) is a 
multinational initiative to develop innovative approaches to leverage the 
resources and knowledge of mature, experienced national regulatory 
authorities who are undertaking the review of new reactor designs. 
MDEP has evolved to a multinational cooperation programme that 
includes inspection activities and generic issues. Working groups are 
implementing the activities in accordance with programme plans with 
specifi c activities and goals, and have established the necessary interfaces 
both within and outside the MDEP members. Signifi cant progress has 
been made over the past years on the overall MDEP goals of increased 
cooperation and enhanced convergence of requirements and practices.

Key words: Multifunctional Design Evaluation Programme (MDEP), 
multilateral cooperation, nuclear regulation, nuclear reactor design.

A5.1 Introduction

The Multinational Design Evaluation Programme (MDEP) is a multina-
tional initiative to develop innovative approaches to leverage the resources 
and knowledge of mature, experienced national regulatory authorities 
who are undertaking the review of new reactor designs. MDEP has evolved 
to a multinational cooperation programme that includes inspection activi-
ties and generic issues. MDEP incorporates a broad range of activities 
including:

• Enhancing multilateral cooperation within existing regulatory 
frameworks

• Increasing multinational convergence of codes, standards, and safety 
goals

• Implementing MDEP products and regulatory practices to facilitate 
licensing reviews of new reactors.

A key concept throughout the programme is that MDEP will better inform 
the decisions of regulatory authorities through multinational cooperation, 
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while retaining the sovereign authority of each regulator to make licensing 
and regulatory decisions.

The programme was initiated in 2005, and a planning meeting of the 
original 10 participating countries was held in June 2006. Initial efforts 
consisted of multilateral cooperation on the European Pressurized Water 
Reactor (EPR) design reviews, and a pilot project to assess the feasibility 
of enhancing multinational cooperation and convergence of codes, stand-
ards, and safety goals within existing regulatory frameworks. The multilat-
eral cooperation on the EPR expanded on bilateral interactions that had 
already been established between France and Finland. A structure for the 
programme was developed consisting of a Policy Group to oversee the 
programme, and a Steering Technical Committee with Working Groups to 
implement the programme with the Nuclear Energy Agency (NEA) serving 
as the Technical Secretariat. In addition the International Atomic Energy 
Agency (IAEA) takes part in the work of MDEP. The last version of the 
Terms of Reference for the programme has been approved in January 2011 
(MDEP, 2011).

MDEP includes two lines of activities developed by working groups, the 
Issue Specifi c Working Groups (ISWG) and the Design Specifi c Working 
Groups (DSWG), under different terms of reference (MDEP, 2010a; MDEP, 
2010b).

The original programme of work was agreed at the Pilot Project and 
consisted of 10 activities and support procedures which were chosen because 
they could be accomplished in the near term, and would result in signifi cant 
benefi ts while requiring minimum resources (MDEP, 2008).

A5.1.1 Activities

 1. Undertake a multinational vendor inspection programme.
 2. Complete the evaluation of the similarities and differences among 

codes and standards for pressure boundary components.
 3. Evaluate the similarities and differences in other codes and standards, 

beginning with a comparison of the digital instrumental and control 
(I&C) standards.

 4. Complete the evaluation of the similarities and differences in the overall 
scope of the regulatory review and analysis for severe accidents.

 5. Compare how top-level safety goals are derived and expressed, and 
how achievement is judged among the participating countries, and 
determine the extent to which they can be considered equivalent.

 6. Compare the approaches used for taking account of operating experi-
ence in regulatory reviews for new reactors.

 7. Develop a programme to collect, share, and use construction experi-
ence feedback in regulatory reviews.
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A5.1.2 Support procedures

 8. Develop a legal framework and the necessary agreements that will 
support the free exchange of information, including the results of 
independent analysis and research, among MDEP participants.

 9. Establish working groups to maximize interaction and cooperation 
among regulators during the planning and conduct of new reactor 
design evaluations and construction oversight.

 10. Establish a ‘library’ to collect and share regulatory documents of 
common interest related to design review and inspection of new reac-
tors. Support the document collection by developing a model for a 
description that can be included in, or added to, regulatory documents 
so that it is possible to understand the regulatory review performed 
and the decision reached.

A5.1.3 Implementation

Working groups are implementing the activities in accordance with pro-
gramme plans with specifi c activities and goals, and have established the 
necessary interfaces both within and outside the MDEP members. Signifi cant 
progress has been made over the past years on the overall MDEP goals of 
increased cooperation and enhanced convergence of requirements and 
practices. Accomplishments to date provide confi dence that the MDEP 
structure and process is an effective method of accomplishing increased 
cooperation in regulatory design reviews. The progress that has already 
been achieved demonstrates that a broader level of cooperation and con-
vergence is both possible and desirable. In March 2009, the MDEP Policy 
Group agreed that the programme must continue beyond the original two-
year mandate to fully achieve the established goals. Therefore, MDEP is 
considered a long-term programme with interim results. Interim results are 
those products that document agreement by the MDEP member countries 
and are necessary steps in working towards increased cooperation and 
convergence.

A5.2 Programme goals and outcomes

The main objectives of the MDEP effort are to enable increased coopera-
tion and establish mutually agreed upon practices to enhance the safety of 
new reactor designs. The enhanced cooperation among regulators will 
improve the effectiveness and effi ciency of the regulatory design reviews, 
which are part of each country’s licensing process. The programme focuses 
on cooperation and convergence of regulatory practices that will lead to 
convergence of regulatory requirements. Cooperation will allow a better 

�� �� �� �� ��



 Multinational Design Evaluation Programme (MDEP) 953

© Woodhead Publishing Limited, 2012

understanding of each other’s processes to encourage and facilitate even-
tual convergence. The goal of MDEP is not to independently develop new 
regulatory standards, but to build upon the similarities already existing and 
on existing harmonization in the form of IAEA and other safety standards. 
In addition, the common positions developed in MDEP will be shared 
with IAEA for consideration in the IAEA standards development 
programme.

MDEP is meeting its goal of enabling increased cooperation through the 
activities of the working groups. MDEP has been very successful in provid-
ing a forum for regulatory bodies to cooperate on design evaluations and 
inspections. In addition to organizing working groups, MDEP has provided 
each regulator with peer contacts who share information, discuss issues 
informally, and disseminate information rapidly. For example, the design-
specifi c working group members have benefi ted signifi cantly from the 
sharing of questions among the regulators, resulting in more informed, and 
harmonized, regulatory decisions. MDEP members have also been highly 
successful in coordinating vendor inspections in which the regulators share 
observations and insights. MDEP has made improvements in communicat-
ing information regarding the members’ regulatory practices through devel-
opment of an MDEP library which serves as a central repository for all 
documents associated with the programme.

MDEP is meeting its goal of convergence of regulatory practices by 
establishing common positions in both the issue-specifi c and design-specifi c 
working groups. The working groups are making comparisons of the regula-
tory practices in the member countries, identifying differences, and develop-
ing common positions. The working groups are also working with codes and 
standards organizations to identify differences and propose areas of con-
vergence. MDEP has identifi ed similarities and differences in inspection 
practices, and plans to develop a common MDEP vendor inspection proce-
dure to be used for multinational vendor inspections.

Progress towards harmonized regulatory practices and requirements for 
Generation IV reactor designs will be a natural outgrowth of this pro-
gramme, as the participating regulatory authorities fi nd that multinational 
cooperation and convergence of regulatory practices become routine ele-
ments of their planning and execution of new design evaluations.

MDEP has been successful in meeting the expected outcomes as defi ned 
in the MDEP Terms of Reference (MDEP, 2011, expected outcomes) by 
increasing knowledge transfer; identifying similarities and differences 
in the regulatory practices; increasing stakeholders’ understanding of regu-
latory practices; and enhancing the ability of regulatory bodies to cooperate 
in reactor design evaluations, vendor inspections, and construction 
oversight, leading to more effi cient and more safety-focused regulatory 
decisions.
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A5.3 Programme implementation

A5.3.1 Membership

Participation in the Policy Group (PG) and Steering Technical Committee 
(STC) is intended for mature, experienced national safety authorities of 
interested countries that already have commitments for new build or fi rm 
plans to have commitments in the near future for new reactor designs. 
Current MDEP members are the regulatory authorities of Canada, China, 
Finland, France, Japan, Korea, Russian Federation, South Africa, the United 
Kingdom and the United States. The OECD Nuclear Energy Agency pro-
vides the technical support to all MDEP activities. In addition the IAEA 
takes part in the work of MDEP.

A5.3.2 Organizational structure

The programme is governed by a PG, made up of the heads of the partici-
pating organizations, and implemented by a STC and its working groups. 
The STC consists of senior staff representatives from each of the participat-
ing national safety authorities, plus a representative from the IAEA. The 
NEA performs the Technical Secretariat function in support of MDEP.

The PG provides guidance to the STC on the overall approach, monitors 
the progress of the programme, and determines participation in the 
programme.

The Steering Technical Committee manages and approves the detailed 
programme of work, including defi ning topics and working methods, estab-
lishing technical working groups, and approving procedures and technical 
papers developed by the working groups; establishing interfaces with other 
international efforts to benefi t from available work; developing procedures 
for the handling of information; reporting to the Policy Group; and identify-
ing new topics for the programme to address.

Two lines of activities have been established to carry out the work:

• Design-specifi c activities. Working groups for each new reactor design 
share information on a timely basis and cooperate on specifi c reactor 
design evaluations and construction oversight. Participants in these 
working groups are the countries that are actively reviewing, preparing 
to review, or constructing the specifi c reactor design. A design-specifi c 
working group is formed when three or more MDEP member countries 
express interest in working together. Under the design-specifi c working 
groups, subgroups have been formed to address specifi c technical issues.

• Issue-specifi c activities. Working groups are organized for the technical 
and regulatory process areas within the programme of work. These 
currently include, but are not limited to, vendor inspections, pressure 
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boundary component codes and standards, and digital instrumentation 
and control standards. Membership in issue-specifi c working groups is 
open to all MDEP participating countries and the IAEA 
representatives.

Figure A5.1 illustrates how the programme is organized.

A5.3.3 Communications

MDEP information is communicated among the members through the 
MDEP library which serves as a central repository for all documents associ-
ated with the programme. NEA provides the technical support for develop-
ment and maintenance of the MDEP library on a website. The website 
includes a folder structure and provides for two levels of access which are 
password protected: (1) MDEP member countries, and (2) member coun-
tries participating in design-specifi c working groups. Access to the library 
is based on requests of the STC member for each participating country and 
generally consists of the STC members and members of the working groups. 
Publicly available documents related to MDEP are available on the MDEP 
page of the NEA website (www.oecd-nea.org/mdep/).

Each MDEP member country has designated a contact within their regu-
latory organization with the responsibility to identify documents to be 
included into the library, track library status and associated activities, 
and maintain contact with the NEA librarian. NEA has issued a guidance 
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A5.1 Organization chart of the MDEP.
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document detailing library functions, access, and use. The library documents 
are either in English or include an abstract in English describing the con-
tents. NEA is pursuing a process for translating documents.

In order for MDEP to be successful at fulfi lling its goal of leveraging the 
work of peer regulators in the licensing of new nuclear reactor designs, a 
framework was developed to facilitate the sharing of technical information 
among MDEP participants which at times may include the sharing of 
proprietary and other types of sensitive information. As a general rule, 
the information exchanged as part of the MDEP in meetings and the 
MDEP library is for use only by the participating national regulators. 
The members of the design-specifi c working groups also have a communica-
tion protocol to share MDEP positions on topics with other members in 
advance of release of this information into the public domain. A large 
portion of the information shared may not be proprietary or sensitive and 
therefore easily accessible, mainly those generated within the issue-specifi c 
working groups; however, all participating members must protect and prop-
erly handle the information that an originator claims to be proprietary or 
sensitive.

A5.3.4 Interaction with industry groups

The MDEP working groups are very interested in understanding the per-
spectives of the design vendors, codes and standards organizations, and 
component manufacturers in the MDEP activities, and the challenges they 
face in dealing with numerous regulators and regulatory systems. The 
MDEP working groups interact with, and invite industry groups to partici-
pate in selective portions of meetings and other activities. For example, the 
EPR Working Group interacts with AREVA; the Codes and Standards 
Working Group is interacting with a committee of standards development 
organizations (SDOs) (American Society of Mechanical Engineers 
(ASME), Japan Society of Mechanical Engineering (JSME), Korea Electric 
Power Industry Code (KEPIC), Règles de Conception et de Construction 
des Matériels (RCCM), Canadian Standards Association (CSA)) in a code 
comparison project; the Vendor Inspection Cooperation Working Group 
invited several vendor companies to its meetings to make presentations of 
the vendors’ perspectives of the regulatory requirements regarding pres-
sure-containing components; and the Digital Instrumentation and Controls 
Working Group issued letters to International Electrotechnical Commission 
(IEC) and, Institute of Electrical and Electronics Engineers (IEEE) encour-
aging their continued cooperation on MDEP initiatives. In addition, the 
MDEP Policy Group is looking for opportunities for effective cooperation 
with the World Nuclear Association (WNA), Cooperation on Reactor 
Design Evaluation and Licensing (CORDEL) Working Group, mainly 
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interested in defending the benefi ts of international standardization of 
nuclear safety standards for reactor designs (WNA, 2010).

A5.3.5 MDEP conference

In addition to the interactions discussed above, MDEP held its fi rst confer-
ence on 10–11 September 2009, in the OECD conference centre in Paris. 
The conference was organized by NEA to communicate the goals, achieve-
ments and plans of MDEP to regulatory authorities not participating in 
MDEP and to other interested parties including the nuclear industry, stan-
dards development organizations, and other multinational organizations 
including IAEA. The conference was attended by about 170 individuals 
from 23 countries and 11 international organizations. Presentations and 
round-table discussions are part of the MDEP open publications (MDEP, 
2010c).

The conference included presentations and panel discussions on the 
activities of each of the MDEP working groups, industry initiatives for new 
reactor designs, and international organization initiatives. The participants 
in the panel discussions included MDEP participants, other regulators, stan-
dards organizations, and industry representatives. Broad support for MDEP 
efforts was expressed by all participants. Several participants presented 
their views or specifi c proposals for expanding MDEP efforts and for 
increasing communications with outside organizations. Some regulators of 
small nuclear programmes and several representatives of industry expressed 
their desire for some type of international or multinational approval of new 
reactor designs. Other regulators of small nuclear programmes and all 
MDEP participating regulators re-emphasized the importance of strong, 
independent national regulators who are supported in their decision making 
through enhanced cooperation with other regulators. In this context, MDEP 
provides a forum for enhanced cooperation through peer discussions 
and sharing of documents on research results, analysis and regulatory 
practices.

Some of the conclusions that came out of the conference were that 
MDEP is an effective and effi cient method of pooling experts from differ-
ent countries. It improves the design reviews and enhances the safety level, 
and its efforts should be continued. In addition, stakeholders have great 
expectations of MDEP, so MDEP should pursue improved information 
dissemination to external stakeholders.

A5.4 Current activities

The current activities of MDEP are being implemented through design-
specifi c working groups, issue-specifi c working groups, and subcommittees 
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of the STC (MDEP, 2010d). The members of the design-specifi c working 
groups share information and cooperate on specifi c reactor design evalua-
tions and construction oversight. Issue-specifi c working groups are organ-
ized for the technical and regulatory process areas within the programme 
of work. Each working group has a lead and co-lead country designated, 
and has developed a programme plan which identifi es specifi c activities, 
schedules and contacts.

A5.4.1 EPR design-specifi c working group

The EPR working group currently consists of the regulatory authorities of 
France, Finland, the USA, UK, China and Canada. This working group was 
established in January 2006 as a multilateral cooperation between France, 
Finland and the US. Numerous meetings and technical exchanges have 
taken place to exchange information on the reviews being conducted in 
each country: Olkiluoto 3 (OL3) which is under construction in Finland; 
Flamanville 3 which is under construction in France; and the US version of 
the EPR which was submitted for design certifi cation in the United States 
on 11 December 2007, and is referenced by four combined licence applica-
tions currently under review. In November 2008, China and the UK were 
added as members. China issued a construction permit for an EPR at the 
Taishan site in August 2009. The UK is performing a generic design assess-
ment of the UK-EPR at the joint request of EDF and Areva. The design is 
essentially the same as the French design being constructed by EDF at 
Flamanville. Canada is in the fi rst phase of its review of the EPR design 
application against the Canadian design requirements.

The goals of the working group are to reach convergence in aspects of 
the review of the EPR design where possible and fi nd areas where member 
countries can cooperate. The activities of the working group are summa-
rized in Fig. A5.2.
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A5.2 Activities of the EPR Working Group.
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Accomplishments

The EPR Working Group has been successful in identifying issues that were 
addressed by one country but not yet fully considered in other countries. 
For example, STUK (the Finnish regulatory authority) and ASN (the French 
regulatory authority) have shared portions of the detailed design of the 
EPR instrumentation and control system. This was useful to countries such 
as the US and the UK that had not seen the detailed design at that time. 
In addition, STUK shared the instrumentation and control issues identifi ed 
in their review. The working group has also shared the resolution of issues 
by one country that may not have been fully considered in other countries. 
For example, the US shared its interim staff guidance for independence of 
data communications between various instrumentation and control systems.

The working group members have also discussed tools and methods used 
in their reviews that may be useful to other members. For example, the NII 
(the UK regulatory authority) discussed the use of statistical software 
testing as a demonstration for software meeting a particular reliability goal 
that can be used in the overall plant probabilistic safety assessment (PSA). 
Additionally, STUK provided a presentation of a software modelling tool 
that was used to evaluate the OL3 software and identifi ed some require-
ments/design specifi cation issues. This tool may be of value to other regula-
tors when the software for the plants they are reviewing is under 
development.

The working group is maintaining in the MDEP library a listing of EPR 
technical issues that have been identifi ed and are currently being evaluated 
by each of the participating regulators. The library provides a synopsis of 
the issues, the status within each technical body, and links to relevant 
documents.

Technical expert subgroups have been formed to address specifi c issues 
in the design review.

EPR Digital Instrumentation and Controls Subgroup

One notable accomplishment of this subgroup is the work the members 
completed in identifying a potential single-failure issue which led to design 
changes by AREVA. This is notable because the identifi cation of the 
problem was made and shared pursuant to MDEP efforts and directly 
resulted in design changes. As a next step, the subgroup plans to coordinate 
audits of the I&C design process to evaluate the verifi cation and validation 
process during the design phase.

EPR PSA Subgroup

Technical areas discussed by the subgroup include fi re PSA, external 
hazards, and common-cause failures. Additional topics and documentation 
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were identifi ed for future information exchange. The working group 
members are continuing discussions of the differences between the French, 
Finnish and US designs and regulatory approaches. In particular, they are 
working to understand the differences in heating, ventilation and air-con-
ditioning (HVAC) design and system interdependencies, and diesel genera-
tor battery design capacity.

EPR Severe Accident Subgroup

The Severe Accident Subgroup has discussed the use of the two-room 
concept in the containment response evaluation and molten core cooling 
system and structures. The subgroup compared the use of the codes that 
were utilized for various parameters and determined that there are some 
signifi cant similarities, and some differences, among the approaches. The 
subgroup considers that the Operating Strategies for Severe Accident 
(OSSA) review is an important subject because of the new items specifi c 
to EPR (and not to currently operating PWRs).

EPR Accidents and Transients Subgroup

The fi rst topics discussed in this subgroup have been containment response 
evaluations, accident analyses methodologies, and criticality safety during 
outages. The subgroup will continue to discuss containment response evalu-
ations and the containment sump design issues (resolution of the generic 
safety issue and issues such as chemical effects on sump performance).

A5.4.2 AP1000 Design Specifi c Working Group

The AP1000 Design Specifi c Working Group was established in November 
2008 with initial participation by the regulatory authorities of China 
(NNSA), the UK (NII), and the US (NRC). The Canadian regulatory 
authority (CNSC) was added as a member in March 2009. NNSA issued a 
construction permit in March 2009 for two AP1000 units at the Sanmen site. 
A total of four AP1000 units are planned for construction in China. The 
NRC is reviewing Revisions 16 and 17 to the AP1000 design certifi cation 
and is concurrently reviewing combined licence applications for 12 AP1000 
units. The Vogtle plant, for which NRC has issued an early site permit and 
Limited Work Authorization, is expected to be the fi rst AP1000 to go into 
construction in the US. NII has completed Step 3 of the four-step generic 
design assessment process of the AP1000 design. CNSC has started the 
pre-project review on the potential choices for new reactor construction, 
including the AP1000. The activities of the working group are summarized 
in Fig. A5.3.
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A5.3 Activities of the AP1000 Working Group.

Accomplishments

The working group has shared design information, application documents 
and preliminary fi ndings within the group and identifi ed the most signifi cant 
review issues. Subgroups of experts have been formed to address specifi c 
technical issues that were identifi ed by all participants as being signifi cant 
because they involve unique or unresolved design features. Current sub-
groups include those for shield building, squib valves, and control rod drive 
mechanisms. Other topics to be discussed may include radiation protection, 
instrumentation and controls, and human factors. A status of the expert 
subgroups follows.

Shield Building Subgroup

The shield building design was selected for further discussion by an expert 
subgroup due to the uniqueness of the design, and the fact that there are 
currently outstanding questions regarding the modular construction tech-
niques to be used and the use of former plates rather that rebar in the design 
of the concrete retaining walls.

The subgroup members compared results of their separate reviews of the 
shield building design and came to similar conclusions regarding fundamen-
tal concerns. The discussions were helpful in confi rming conclusions already 
identifi ed by the regulators. In the absence of applicable design standards 
for concrete composite structures, the expert subgroup developed a pre-
liminary set of technical considerations to be used for novel civil engineer-
ing construction (such as modular steel composite structures). These 
considerations may be used to propose a code case to the standards orga-
nizations for modular construction.

Squib Valve Subgroup

The in-containment refuelling water storage tank injection valves (squib 
valves) were selected because of the uniqueness of these valves and their 
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relative risk signifi cance. Such valves are not currently in existence and will 
require a new design and associated qualifi cation programmes. The squib 
valves to be used on the AP1000 are much larger than those used in existing 
nuclear applications. Questions have also been raised regarding the ade-
quacy of the current in-service testing requirements for such valves, since 
there is little knowledge on operating experience. The members agreed that 
the lack of experience with large squib valves requires particular care in 
the design, qualifi cation and in-service inspection/testing of these valves. The 
Squib Valve Subgroup has prepared an initial draft of technical guidelines 
for the design, qualifi cation and in-service inspection/testing of explosive-
actuated valves. The guidelines are intended to be helpful to regulators and 
the nuclear industry in understanding the technical issues associated with 
large explosive-actuated valves used in AP1000 reactors and other reactor 
designs.

Control Rod Drive System Subgroup

The control rod drive system was selected because its safety classifi cation 
(classifi ed as non-safety) has been questioned by China, particularly the 
classifi cation of the latch mechanisms and the adequacy of any associated 
testing or analysis to show that the latch mechanisms can perform their 
intended safety function.

A5.4.3 Vendor Inspection Cooperation Issue Specifi c 
Working Group (VICWG)

Background

A Working Group on Component Manufacturing Oversight was estab-
lished as part of the MDEP pilot project to assess the regulatory require-
ments and review associated with the manufacturing processes for 
components for use in nuclear power plants. The working group met with 
the design code bodies from the US, France, Japan and Korea, and found 
that component manufacturing is currently subject to multiple inspections 
and audits similar in scope and in safety objectives, but conducted by dif-
ferent organizations. The pilot project concluded that the formation of 
multinational regulatory teams to perform inspections of component manu-
facturers will improve effectiveness and effi ciency in the regulatory assess-
ment of the highest safety class components.

A working group was established to continue the work of the pilot 
project to identify areas of commonality and differences between regula-
tory practices of participating countries in the area of vendor inspection 
programmes. The long-term objectives of the working group are to 
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maximize the use of the results obtained from other regulators’ efforts in 
inspecting vendors, and to perform multinational inspections of vendors 
according to the common quality assurance requirements.

To improve the use of the result of other regulators’ inspections, the 
working group will continue enhancing the understanding of each regula-
tor’s inspection procedures and practices by coordinating witnessed inspec-
tions of safety-related mechanical pressure retaining components (Class 1) 
such as pressure vessels, steam generators, piping, valves, pumps, and quality 
assurance (QA) inspections. The working group plans to develop and main-
tain a process to share inspection results, including a library of all inspection 
results. In the longer term, a process will be developed to adapt the scope 
of an inspection according to the need of other regulators.

In order to be able to perform multinational inspections, the working 
group will identify and document a set of common QA requirements (write 
essential elements for QA among MDEP countries). The participants may 
agree on an acceptable method to assess the implementation of the common 
QA requirements and then will develop an MDEP QA inspection proce-
dure (documentation and training).

Accomplishments

The VICWG developed matrices that identify the scope of inspections in 
each country. Understanding which inspection areas are covered by each 
regulator helps the MDEP countries to coordinate vendor inspections, and 
will provide each regulator with a better understanding of the applicability 
of inspection fi ndings by other countries.

The group is currently performing witnessed inspections, which consist 
of one regulator performing an inspection to its criteria, observed by rep-
resentatives of other MDEP countries. Thirteen such inspections were con-
ducted in 2009, in fi ve countries and with the involvement of seven regulatory 
bodies. The VICWG maintains a ‘vendor inspection planning table’ with a 
list of scheduled vendor inspections to assist the member regulators in 
identifying opportunities to observe an inspection, or obtain the results of 
an inspection carried out by another member. The benefi ts to the observing 
countries include additional information and added confi dence in the 
inspection results.

The working group developed an MDEP vendor inspection protocol 
document with guidelines for witnessed and joint inspections. This docu-
ment will facilitate inspections that are observed and attended by multiple 
regulators.

The working group has initiated an activity that could lead to identifying 
common quality assurance requirements of the regulatory bodies. The 
group conducted a survey on quality assurance requirements used in the 
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oversight of vendors to identify those areas where the various regulators 
have common regulatory frameworks. A comparison table has been drafted 
and will be fi nalized in 2010.

Next steps

In 2010, the working group plans to perform more witnessed vendor inspec-
tions. This will continue to enhance the exchange of information between 
the regulators and provide better understanding of the inspection scopes 
and safety fi ndings and how these fi ndings may be utilized. In order to 
improve the process for sharing inspection results, the working group will 
write a procedure to share inspection results, and improve the MDEP 
library to include an inspection results database.

In 2010, the group plans to develop and implement the common pro-
cesses needed to adapt the scope of vendor inspections to take into account 
the needs of other member countries; and to develop a framework that will 
allow MDEP members to take into account other regulators’ vendor 
inspections.

The next planned phase is ‘joint’ inspections which consist of one lead 
regulator and other MDEP members participating. This would allow the 
participating members to use the results of the inspection that are appli-
cable to their regulations. To implement this, the WG will update the pro-
tocol for conducting joint inspections and identify training needs to support 
joint inspections. MDEP plans to organize at least two or three joint inspec-
tions by the end of 2011.

A5.4.4 Codes and Standards Working Group

Background

The primary goal of the Codes and Standards Working Group (CSWG) is 
to achieve convergence of regulatory requirements in the area of compo-
nent design. A major initial step towards this goal is establishing a retriev-
able database of the similarities and differences among the codes and 
standards used in the design of pressure boundary components. The initial 
effort emphasized the similarities and differences among the codes and 
standards used in the US (ASME), France (RCCM), Japan (JSME) and 
Korea (KEPIC). Future efforts will address codes and standards in other 
countries including Canada (CSA) and the Russian Federation. The working 
group’s goal is to perform an assessment of the similarities and differences 
for the codes and standards, and identify the most benefi cial areas for con-
vergence. Changes in codes and standards can only be made by the SDOs 
themselves and therefore the role of the working group is to assist the SDOs 
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in identifying and resolving important differences. The goal of both the 
SDOs and the CSWG is to achieve global harmonization of pressure-
boundary design codes for nuclear power plants.

Accomplishments

The CSWG has interacted with SDOs which have formed a steering com-
mittee composed of the representatives of ASME, JSME, KEPIC, AFCEN, 
CSA, vendors and utilities. The SDOs are performing a code-comparison 
project in conjunction with the working group’s efforts. The fi rst phase 
consists of a comparison of each code’s requirements for Class 1 pressure 
vessels with those of the ASME code, Section III. This comparison includes 
the material, design, fabrication, examination, testing, over-pressure protec-
tion and general requirements. The SDOs have prepared a comparison 
table of the pressure boundary codes for Class 1 pressure vessels. This 
assessment was accomplished through correspondence and joint meetings 
between the working group and SDOs. The initial effort focusing on pres-
sure vessel codes resulted in a database which identifi ed the similarities and 
differences between the Korean, Japanese and French codes as they compare 
to the ASME code. The project was designed to use the ASME code as the 
basis for the comparison, since most of the codes under review originated 
from the ASME codes. The source of the differences in the codes, such as 
regulatory requirements or code organization approach, is also addressed. 
The Phase 1 code-comparison activity for the KEPIC, JSME and RCCM 
codes is complete. Canada and Russia have also initiated a code-compari-
son effort.

It has become clear that the complete convergence on every aspect of 
pressure-boundary codes on an international scale is not currently feasible 
because of the large differences in the scope of the different designs, each 
country’s design and construction practices, regulatory requirements and 
processes, cultural patterns, and the manner in which codes are adopted by 
regulatory agencies. Based on the results of the comparison exercise, the 
CSWG has concluded that although full convergence of the codes is not 
feasible, harmonization is possible. The key to achieving harmonization 
is to understand the source of and reasons for differences of code req-
uirements in order to assess their signifi cance from a safety and risk 
perspective.

Based on comparison results of Class 1 pressure vessels, the working 
group has begun discussions to identify the sections of the codes that are 
equivalent or identical, and the sections that are not equivalent, and to 
examine potential paths for reconciliation of the differences in the codes, 
including identifying those that should be pursued for potential conver-
gence. As an interim measure, the working group has obtained a 
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commitment in principle from the SDOs to work together to minimize 
further divergence of code requirements.

Next steps

The SDOs are continuing their code-comparison effort for Class 1 piping, 
pumps and valves (Phase 2). This next phase is expected to be much simpler 
than Phase 1 because the general requirements and technical requirements 
for materials, fabrication, examination, testing and over-pressure protec-
tion, which are being completed in Phase 1 for Class 1 vessels, are also 
applicable to Class 1 piping, pumps and valves.

Once an understanding is gained of the differences between the codes, 
each MDEP participant could initiate their national process to endorse, in 
whole or in part, the pressure-boundary codes and standards of other coun-
tries. Also, the working group will continue discussions with the SDOs for 
fi nding potential paths for harmonization of the differences in the Class 1 
vessel codes. Plans to further expand the scope of work to include Class 2 
and 3 vessels, piping, pumps and valves will depend on the success of Phases 
1 and 2. Ultimately, MDEP will expand the codes and standards harmoniza-
tion effort to areas beyond pressure-boundary components.

A5.4.5 Digital Instrumentation and Controls Working Group

Background

The objective of the Digital Instrument and Controls Working Group 
(DICWG) is to identify opportunities for convergence of applicable stan-
dards. The working group’s activities include identifying and prioritizing the 
member countries’ challenges, practices and needs regarding standards and 
regulatory guidance regarding digital instrumentation and controls, identi-
fying areas of importance and needs for convergence of existing standards 
and guidance or development of new standards, sharing of information, and 
developing the common positions among the member countries for areas 
of particular importance and need.

To enhance cooperation with the standards organizations, there is inter-
action with the IEEE and the IEC. Representatives from IEEE, IEC 
and IAEA participated in the working group meetings, and both IEC 
and IEEE allowed a number of their standards relevant to digital I&C 
to be made available in the MDEP library for use by the working 
group members. The IEC formalized an agreement with the OECD to 
facilitate cooperation between the two organizations. The working groups 
also interface with equipment designers and manufacturers to share their 
experience.
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Accomplishments

The working group identifi ed the member countries’ most signifi cant tech-
nical issues regarding standards and regulatory guidance related to digital 
instrumentation and controls. This list was used to better understand the 
main issues and to determine priorities for the working group and is 
reviewed on a periodic basis. The working group performed a comparison 
exercise to identify the similarities and differences in regulatory require-
ments applicable to these areas, and prioritized the differences that should 
be addressed for increased convergence work. In particular, the working 
group evaluated the key differences between the regulatory framework 
established in accordance with the IAEA guidance and IEC standards, and 
with the NRC requirements and IEEE standards. In all of the priority areas, 
the working group identifi ed that there were signifi cant similarities and 
overlaps in the regulatory approaches.

In addition, the working group compared the list of IEC standards and 
IEEE standards relevant to digital instrumentation and controls. A detailed 
comparison table has been developed and reviewed by the working group. 
This comparison resulted in signifi cant fi ndings regarding the standards in 
terms of the development status, scope and details as well as the differences 
and similarities at a high level. The working group engaged IEC and IEEE, 
as well as IAEA, regarding their participation in a comparison exercise of 
the standards and increased coordination related to digital instrumentation 
and controls. Based on the results of the comparison exercise, the working 
group issued letters to IEC and IEEE recommending that the standards 
organizations consider the MDEP common positions when revising their 
standards and increase their cooperation to achieve enhanced harmoniza-
tion of relevant standards.

The DICWG developed common positions on specifi c issues among the 
member countries which are based on the existing standards, national regu-
latory guidance, best practices and group inputs using an agreed process 
and framework. To date, the working group has identifi ed a number of areas 
for potential convergence and has been developing common positions. Two 
common positions on software common-cause failure and software tools 
are complete, and additional ones are under development with an expected 
completion date in early 2010. The common positions under development 
include independent verifi cation and validation, data communication, sim-
plicity in design, and complex electronics. Additional topics will be identi-
fi ed as the working group completes these common positions.

Next steps

The working group will continue to develop additional generic common 
positions as more common positions are identifi ed and developed.
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The working group will communicate specifi c suggestions to the stan-
dards organizations and IAEA for consideration of harmonization in a 
timely manner when they are identifi ed during its activities.

The working group will continue to exchange information among 
members to contribute to effi ciency and effectiveness of the licensing of 
new reactor digital instrumentation and controls.

The working group will continue to engage digital instrumentation and 
controls vendors and utilities to share experience and insights towards 
developing common positions that are based on a broad spectrum of inputs.

A5.4.6 Safety goals

Background

One of the original 10 recommendations of the MDEP pilot project was to 
compare how top-level safety goals are derived and expressed, and how 
achievement is judged among the participating countries, and to determine 
the extent to which they can be considered equivalent. MDEP has recog-
nized that the route to harmonization of safety goals must start with high-
level, mainly qualitative goals, which will not be dependent on the reactor 
technology considered. This understanding is expected to enhance coopera-
tion in using other regulators’ assessments and understanding of how deci-
sions have been reached.

The objective of the task is to determine (1) how various countries 
describe the desired level of safety to protect public health and safety and 
the environment, (2) the role of deterministic and probabilistic consider-
ations, and (3) other groups and organizations that are involved in similar 
or related work.

Accomplishments

One of the major outcomes of the work is increased understanding of the 
origin of the safety goals in several countries. The group is developing a 
framework paper, based on the defence-in-depth concept and probabilistic 
considerations. This framework can be useful for development of safety 
goals and support of safety decisions by safety authorities and designers.

Next steps

After the framework paper is fi nalized, MDEP plans to meet with other 
organizations and fi nalize its recommendations for high-level safety goals 
in a position paper. The work will be complete upon issuance of the position 
paper (scheduled for March 2011). The MDEP recommendations related 
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to high-level safety goals will form the basis for MDEP contributions to the 
work being performed in this area by other national or international 
organizations.

A5.5 Interim results

In March 2009, the MDEP Policy Group agreed that the programme must 
continue beyond the original two-year mandate to fully achieve the estab-
lished goals. Therefore, MDEP is considered a long-term programme with 
interim results. Interim results are those products that document agreement 
by the MDEP member countries and are necessary steps in working towards 
increased cooperation and convergence. The interim results so far include 
the following:

• Identifi cation and documentation of technical expert subgroup techni-
cal reports that identify and document similarities and differences 
among designs, regulatory safety review approaches and resulting 
evaluations

• Agreement of a listing of EPR technical issues that are currently being 
evaluated by each of the participating regulators, including a synopsis 
of the issues, the status within each technical body and links to relevant 
documents

• Establishing a preliminary set of technical considerations to be used for 
novel civil engineering construction (such as modular steel composite 
structures) and technical guidelines for the design, qualifi cation and in-
service inspection/testing of explosive-actuated valves

• Maintaining a vendor inspection planning table with a list of scheduled 
vendor inspections to assist the member regulators in identifying oppor-
tunities to observe an inspection, or obtain the results of an inspection 
carried out by another member

• Publishing an MDEP vendor inspection protocol document with guide-
lines for witnessed and joint inspections to facilitate inspections that are 
observed and attended by multiple regulators

• Completing 13 witnessed inspections, in which one regulator performs 
an inspection to its criteria, observed by representatives of other MDEP 
countries

• Completing an evaluation of the quality assurance requirements used 
in the oversight of vendors, including those areas where the various 
regulators have common regulatory frameworks

• Completing a comparison table of the ASME, RCCM, JSME and 
KEPIC codes for Class 1 pressure vessels

• Reaching agreement by the SDOs that they will work together to reduce 
additional divergence of the codes
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• Drafting six common positions in the area of digital instrumentation and 
controls: software common cause failure, software tools, independent 
verifi cation and validation, data communication, simplicity in design, 
and complex electronics

• Establishing a formal process to generate and process enquiries from 
member countries to promote an effi cient and structured information 
exchange

• Issuing a paper on the ‘Structure and application of high level safety 
goals’.

A5.6 Future trends

MDEP has begun to consider the addition of new topics and how they could 
be addressed by the programme. The criteria that will be used in evaluating 
whether an activity should be undertaken as part of MDEP include the 
following:

 1. The activity is of generic interest and of safety signifi cance to the licens-
ing of new reactors in MDEP member countries.

 2. The approach followed by the MDEP regulators is not completely 
similar.

 3. Successful completion of the activity would likely result in increased 
harmonization/convergence in regulatory practices or increased coop-
eration within a reasonable timeframe and resource expenditures.

 4. Any new MDEP activity should not duplicate similar efforts that 
are already ongoing or are planned to be undertaken by other 
organizations.

 5. Each new activity should have a lead country willing to take an active 
leadership role, and should have a defi ned product.

In addition, a number of topics have been identifi ed in which MDEP can 
play a signifi cant, positive role by cooperating with current efforts in other 
organizations. Therefore, the MDEP STC will search out areas where it can 
act as a catalyst for enhanced regulatory cooperation and convergence in 
other forums. MDEP is in a unique position to effect positive change 
because it includes the regulatory authorities of over three-quarters of the 
reactors worldwide and represents those agencies at the highest levels.
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Overview of infrastructure and 

methodologies for the justifi cation of nuclear 
power programmes

A. ALONSO, Universidad Politécnica de Madrid, Spain

Abstract: Nuclear power has passed from a phase of euphoria to a long 
stagnation in many countries. The economic and environmental 
advantages of nuclear power have been recognized and a new phase of 
builds has started in new entrant countries and those with operating 
plants. In deploying nuclear energy the decision makers need to consider 
the long commitment, the concerns for safety and security, the high 
investment, the need for a scientifi c and technological infrastructure and 
the long-term management of radioactive waste. The full development of 
nuclear power requires the establishment of a global nuclear safety 
regimen based on national and international regulatory activities and on 
the justifi cation of the desired programme.

Key words: nuclear power development, global nuclear safety regimen, 
nuclear power sustainability, used fuel management, nuclear power 
justifi cation.

1.1 The past, current and future phases 

in the development of nuclear power

The development of nuclear power has passed through different phases. 
There have been countries, notably France, Japan and South Korea, among 
others, where nuclear development has been maintained steadily through 
time, while in other countries, notably in Western Europe and in the USA, 
the fi rst phase of euphoria has been followed by a long period of stagnation. 
Currently governments in many developed and developing countries have 
been pondering about the need for nuclear power, and a new euphoria for 
nuclear power – some call it renaissance – is building up in a more mature 
and reasonable way than before. This part of the chapter describes the 
origins and development of nuclear power, as well as current interests in 
the fi eld.
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1.1.1 The beginning and the euphoria of the pioneers 
(1953–1979)

The historic speech addressed by President Eisenhower in 1953 to the 
United Nations General Assembly is considered the beginning of nuclear 
power development for peaceful purposes. It certainly aroused a general 
enthusiasm, fi rst among the then nuclear countries and later on all over the 
world. In many opening meetings and inauguration ceremonies, as in Calder 
Hall, offi cers said and believed that electricity generated by nuclear power 
will be so abundant and cheap that it will not be necessary to meter it. This 
euphoria propagated rapidly around the globe and every country started 
to think about developing nuclear power to generate electricity.

This fi rst phase of excitement started to decline in the early 1970s, and in 
the 1980s it was converted into despair. The fi rst large, for the time, com-
mercial nuclear power plants put into operation were not as cheap as it was 
assumed, the construction times started to grow longer, the capacity factors 
were not as high as expected, and in many countries subsidies were needed. 
Moreover, regulatory requirements became more strict and demanding, 
quality assurance, maintenance and in-service inspection needed advanced 
technologies that were not always available, and environmental radiological 
impacts and radioactive waste management were not conducted in the most 
effective ways. Moreover, fi rst within the industry itself and later on within 
some social organizations, a strong nuclear phobia started to grow fast 
within society. In March 1979 the TMI-2 accident erased the primitive 
euphoria and caused the cancellation of many nuclear power projects, 
mainly in the USA.

1.1.2 Nuclear phobia and the stagnant phase (1980–2000)

Although the TMI-2 accident did not cause any relevant radiological con-
sequences, it suddenly revealed the vulnerability of nuclear power plants. 
A never-envisaged core meltdown was possible due to a combination 
of equipment failure and human error. Moreover, the Governor of 
Pennsylvania ordered the evacuation of the most sensitive part of the popu-
lation – children and pregnant women – based on the wrong advice from 
the Chairman of the Nuclear Regulatory Commission, NRC, that hydrogen 
explosion (impossible in practice, because of the absence of oxygen) within 
the pressure vessel could occur. These facts had a great impact on the 
growing nuclear phobia and on the lack of confi dence in the industry and 
the regulator.

The many analyses conducted on the root causes and the development 
and consequences of the TMI-2 accident discovered the need for improve-
ments in the design and operation of nuclear power plants and, more rel-
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evantly, the possibility of accidents producing severe damage in the core of 
the reactor. Regulatory requirements multiplied; new administrative proce-
dures were promulgated; new instruments to cover severe accidents were 
required; and a relevant research programme to better know the phenom-
enology associated with severe accidents was soon initiated by the industry 
and the regulatory organizations. From that research effort, conducted 
within international participation, the science associated with severe acci-
dents was understood and made it possible to develop technology to prevent 
severe accidents and to mitigate their consequences, which was incorpo-
rated, up to the maximum possible level, in the current reactors and is fully 
integrated into the new designs.

Nuclear phobia, enhanced by the TMI-2 accident, was a major factor 
behind the 1980 Swedish referendum which forced the government to 
establish a moratorium in the construction of new units and in fi xing a 
programme of closing down the operating units by 2010, which has only 
partially been completed and is being reviewed. Social and political nuclear 
phobia, also enhanced by the TMI-2 accident, played a signifi cant part in 
the decision taken in 1983 by the government of Spain to cancel the 
advanced construction of fi ve large nuclear units and to establish a mora-
torium on the construction of new plants, which paralysed the expected 
development of nuclear energy in the country. Such phobia still exists in 
some political parties and non-governmental organizations, which are 
requesting the shutdown of the existing nuclear units, despite their high 
safety levels and recognized economic advantages.

Although of different design and with less strict operation requirements, 
the 1986 Chernobyl accident increased nuclear phobia all over the 
world, which produced a cancellation of nuclear projects, the conducting 
of referenda and the stagnation of nuclear development. Only a few 
countries, notably France, the Soviet Union, and some Eastern European 
and East Asian countries, continued with their nuclear development 
programmes.

The Chernobyl accident was behind the Italian 1987 referendum, which 
resulted in the complete disappearance of nuclear power installations in the 
country. Four nuclear units in operation and two under construction were 
cancelled. In its intention to renovate the nuclear fl eet, the present Italian 
government has estimated that the cost of the decision to the country 
amounted to some 50 billion euros. The nuclear phobia shown in Germany 
against the transportation and storage in the country of high-level radioac-
tive waste – from the reprocessing in France of German used fuel elements 
– was at the root of the country’s coalition government decision in 2000 to 
establish a new nuclear law limiting the total power produced in the 17 
German operating nuclear units and prohibiting the construction of new 
nuclear plants.
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1.1.3 The current renewed interest in nuclear energy

The increase of greenhouse gases in the atmosphere, the depletion of gas 
and oil resources and the volatility of their prices, the intermittence, low 
effi ciency and high prices of renewable sources of energy, and the economic 
advantages of nuclear power plants have all stimulated the worldwide inter-
est for nuclear energy, which may start a new renaissance based on the 
improved designs of water-cooled reactors.

Since 2000, society has become increasingly aware of the potential impacts 
of climate change, in part induced by the emission of greenhouse gases 
coming from the combustion of fossil fuels used for electricity production. 
At the same time, society has started to realize that safety in the operation 
of nuclear power plants has been constantly improved and new safer nuclear 
plant designs have been developed by the reactor suppliers. Some of these 
new designs have also been submitted to a certifi cation process by the US 
Nuclear Regulatory Commission (US NRC) and the UK Offi ce for Nuclear 
Regulation (UK ONR), and there is international interest in harmonizing 
the new designs through international organizations, such as the Nuclear 
Energy Agency of the Organization for Economic Co-operation and 
Development (NEA/OECD) which is driving the Multinational Design 
Evaluation Programme (MDEP). The MDEP project is described in 
Appendix 5 of this book. All these factors form the basis of the new interest 
in nuclear power.

Although some countries in Western Europe still keep their moratoria 
on the construction of new nuclear power plants, other European countries, 
Finland and France in particular, have started the construction of new 
plants, while others, mainly the UK and Russia, have announced ambitious 
nuclear power programmes for the next two decades. The Asian countries, 
Japan, South Korea, China and India, that remained active during the stag-
nant phase have accelerated their nuclear power programmes. Likewise, 
American countries are also considering building new nuclear power plants, 
at a slower pace. All these ongoing activities, and many others not men-
tioned, sustain the idea that a new deployment of nuclear power is on the 
way.

The Japanese earthquake of 11 March 2011 and ensuing tsunami left the 
Fukushima Dai-ichi nuclear station without external power and an ultimate 
heat sink; despite the efforts made it was not possible to cool the reactors 
effi ciently, and the reactor core in three of the six nuclear units in the site 
melted, releasing radioactive products to the atmosphere and the sea. These 
events have prompted the revision of the safety of currently operating 
nuclear power plants to test their abilities to cope with extraordinary cir-
cumstances. Such worldwide studies will serve to improve the safety of 
current and future nuclear reactor designs; nevertheless the events in 
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Fukushima have increased the social nuclear phobia and created a certain 
delay in the renewed interest in nuclear power.

It is foreseeable that the new deployment will be based on thermal reac-
tors belonging to the so called Generation III+, fuelled with enriched 
uranium, and cooled and moderated by pressurized water (PWRs) or 
boiling water (BWRs). The advanced Canadian heavy water reactors 
(HWRs/CANDU) will also be built in a few countries. The useful lifetime 
of these new builds will be 60 years or longer, therefore such new genera-
tion will cover the largest part of electricity generation by nuclear power 
in the twenty-fi rst century. There will be suffi cient uranium for a reasonable 
deployment of such designs; in most countries the fuel cycle will remain 
open, but the used fuel will probably be stored for future reprocessing, 
needed to keep nuclear energy sustainable.

To achieve that sustainability it will be necessary to design, test and 
deploy the so-called Generation IV reactors. There are two international 
projects to that aim: the International Atomic Energy Agency (IAEA) 
driven INPRO project, with Russia the major sponsor, and the US 
Department of Energy (DOE) driven GIF project. Moreover, within the 
EURATOM framework research programmes there are several projects 
going on. The objective of this book is centred on current thermal reactors; 
the connexion with Generation IV reactors is only on the potential utiliza-
tion of the fuel used in the thermal reactors.

1.2 The main factors shaping the deployment 

of nuclear power

The deployment of nuclear power is controlled by factors of different kinds 
that vary country by country. Some of these factors have to do with the 
decision makers, such as the recognition that nuclear energy implies a long-
term commitment; there are also technical and economic limitations related, 
for instance, to the selection of the site, the technology to be deployed and 
the capital to be invested; there is also a concern for nuclear safety and 
security, non-proliferation and management of radioactive waste. The 
nuclear phobia strongly defended in many countries and society groups is 
also a hindrance to be considered. In the following paragraphs these issues 
are analysed.

Although many countries foresee rather large deployments of nuclear 
power plants, all of them are considering the factors mentioned above 
that shape such developments. New requirements from the analysis of 
the Fukushima events, mainly those related to siting and safety under 
extraordinary circumstances, will also be considered. The IAEA is also 
advising new countries on the need to judge the impact of such factors in 
the national development. A relevant ministerial conference was held in 
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Beijing in 2009 to consider the development of nuclear power in the 
twenty-fi rst century (IAEA, 2009). The conference addressed the need for 
nuclear energy and its impacts. Plenary sessions were maintained to 
analyse energy resources and the environment; available technologies and 
the long-term perspectives; the need for developing infrastructure and a 
legal system to ensure safety; and waste management and strengthening 
non-proliferation.

1.2.1 The long-term commitment

It is widely recognized that embarking on a nuclear power programme, 
including the construction of a single nuclear power plant, implies a 
long-term commitment (more than a century) affecting many national 
administrative and industrial institutions. Table 1.1, based on the IAEA 
International Nuclear Safety Group (INSAG) publication INSAG-22 
(2008a), defi nes and suggests the time-span taken by the different phases 
in the so-called chronological lifetime of a nuclear power plant, from the 
fi rst steps down to returning the site back to greenfi eld status as defi ned 
by Tipping (2010).

After return to greenfi eld status, the low- and intermediate-level radioac-
tive wastes, probably in a fi nal repository, will maintain some type of moni-
toring; most importantly, the high-level radioactive waste coming from 
dismantling has to be stored in an intermediate facility before it goes to a 
fi nal repository, probably in a deep geological facility. The used fuel may be 
stored in temporary facilities waiting to be recycled or considered as a high-
level waste. In any case, the used fuel (if defi ned as a waste) or the waste 
coming from reprocessing has to be placed in the fi nal repository. These 
activities, and the required monitoring, may extend the commitment to 
several additional centuries.

In the pre-decision phase (1 to 3 years) the major activities correspond 
to the planning authorities in the country, those in the administration and 
in the industry. In entrant countries, the governments have to enact or 
review basic legislation to cover the new nuclear activities and create, as 
soon as possible, a regulatory body. On its side, the industry has to establish 
a strong project management organization.

In the decision phase (3 to 7 years) a detailed nuclear power programme 
should have been developed by the government and approved by the leg-
islature and possibly submitted to a public consultation process. In new 
entrant countries, the recently created regulatory organization will have to 
establish a licensing methodology and draft safety requirements for the 
coming site and construction permits and licences.

The implementation phase (7 to 10 years) is divided into two distinct 
sub-phases, site selection and construction. In those phases the govern-

�� �� �� �� ��



© Woodhead Publishing Limited, 2012

T
ab

le
 1

.1
 M

ai
n

 p
h

as
es

 i
n

 t
h

e 
lif

e 
o

f 
a 

n
u

cl
ea

r 
p

o
w

er
 p

la
n

t

P
h

as
e

D
u

ra
ti

o
n

 
(y

ea
rs

)
M

aj
o

r 
ac

ti
vi

ti
es

N
ee

d
ed

 i
n

fr
as

tr
u

ct
u

re

1.
 

P
re

-d
e
c
is

io
n

1–
3

D
ev

el
o

p
 a

 n
u

cl
ea

r 
p

la
n

. 
D

ev
el

o
p

 b
as

ic
 

le
g

is
la

ti
o

n
.

C
o

n
d

u
ct

 a
 p

u
b

lic
 c

o
n

su
lt

at
io

n
.

E
st

ab
lis

h
 a

 s
tr

o
n

g
 p

ro
je

ct
 m

an
ag

em
en

t 
o

rg
an

iz
at

io
n

.

2.
 

D
e
c
is

io
n

3–
7

D
ev

el
o

p
 a

 d
et

ai
l 

n
u

cl
ea

r 
p

ro
g

ra
m

m
e.

 
S

el
ec

t 
a 

te
ch

n
o

lo
g

y,
 a

 s
it

e 
an

d
 a

 
su

p
p

lie
r.

C
re

at
e 

a 
n

u
cl

ea
r 

re
g

u
la

to
ry

 b
o

d
y.

 E
st

ab
lis

h
 a

 
lic

en
si

n
g

 m
et

h
o

d
o

lo
g

y.
 D

ev
el

o
p

 s
af

et
y 

re
q

u
ir

em
en

ts
 f

o
r 

si
ti

n
g

 a
n

d
 c

o
n

st
ru

ct
io

n
.

3.
 

Im
p

le
m

e
n

ta
ti

o
n

3a
. 

S
it

e 
se

le
ct

io
n

 a
n

d
 

ch
ar

ac
te

ri
za

ti
o

n
2–

3
C

h
ar

ac
te

ri
ze

 t
h

e 
se

le
ct

ed
 s

it
e.

 
Fo

rm
u

la
te

 a
 s

it
e 

lic
en

si
n

g
 

au
th

o
ri

za
ti

o
n

.

D
ev

el
o

p
 c

o
m

p
et

en
ce

 o
n

 e
ar

th
 s

ci
en

ce
s 

an
d

 
m

an
-m

ad
e 

ex
te

rn
al

 i
n

p
u

ts
. 

D
ev

el
o

p
 

co
rr

es
p

o
n

d
in

g
 s

af
et

y 
re

q
u

ir
em

en
ts

 a
n

d
 s

af
et

y 
g

u
id

es
.

3b
 

D
es

ig
n

 a
n

d
 

co
n

st
ru

ct
io

n
5–

7
In

it
ia

te
 s

it
e 

p
re

p
ar

at
io

n
, 

eq
u

ip
m

en
t 

p
ro

cu
re

m
en

t 
an

d
 d

et
ai

l 
d

es
ig

n
. 

Fi
ll 

ap
p

lic
at

io
n

 f
o

r 
th

e 
co

n
st

ru
ct

io
n

 
p

er
m

it
. 

C
o

n
st

ru
ct

 t
h

e 
p

la
n

t 
in

 
ac

co
rd

an
ce

 w
it

h
 t

h
e 

sa
fe

ty
 

re
q

u
ir

em
en

ts
. 

V
er

if
y 

q
u

al
it

y.

D
ev

el
o

p
 n

at
io

n
al

 i
n

d
u

st
ry

 t
o

 o
p

ti
m

iz
e 

p
ar

ti
ci

p
at

io
n

 i
n

 d
es

ig
n

 a
n

d
 c

o
n

st
ru

ct
io

n
.

D
ev

el
o

p
 c

o
m

p
et

en
ce

 o
n

 d
et

er
m

in
is

ti
c 

an
d

 
p

ro
b

ab
ili

st
ic

 s
af

et
y 

an
al

ys
is

, 
in

sp
ec

ti
o

n
 d

u
ri

n
g

 
eq

u
ip

m
en

t 
fa

b
ri

ca
ti

o
n

 a
n

d
 p

la
n

t 
co

n
st

ru
ct

io
n

 
an

d
 o

n
 q

u
al

it
y 

as
su

ra
n

ce
.

4.
 

O
p

e
ra

ti
o

n

4a
. 

T
es

ti
n

g
 a

n
d

 
co

m
m

is
si

o
n

in
g

1–
2

V
er

if
y 

th
at

 c
o

m
p

o
n

en
ts

, 
sy

st
em

s 
an

d
 

st
ru

ct
u

re
s 

co
m

p
ly

 w
it

h
 s

af
et

y 
re

q
u

ir
em

en
ts

. 
A

p
p

ly
 f

o
r 

o
p

er
at

io
n

 
lic

en
ce

. 
R

ea
ch

 fi
 r

st
 c

ri
ti

ca
lit

y 
an

d
 

p
er

fo
rm

 e
st

ab
lis

h
ed

 n
u

cl
ea

r 
te

st
s.

 
T

ra
n

sf
er

 k
n

o
w

le
d

g
e 

an
d

 r
es

p
o

n
si

b
ili

ty
 

to
 o

p
er

at
in

g
 o

rg
an

iz
at

io
n

.

A
va

ila
b

ili
ty

 o
f 

w
el

l-
tr

ai
n

ed
 o

p
er

at
in

g
 p

er
so

n
n

el
. 

H
o

ld
 r

eg
u

la
to

ry
 c

o
m

p
et

en
ce

 f
o

r 
th

e 
re

vi
ew

 
an

d
 a

p
p

ro
va

l 
o

f 
te

st
 r

es
u

lt
s 

an
d

 l
ic

en
si

n
g

 
re

ac
to

r 
o

p
er

at
o

rs
. 

D
ev

el
o

p
 b

as
ic

 r
eq

u
ir

em
en

ts
, 

p
ro

ce
d

u
re

s,
 e

q
u

ip
m

en
t 

an
d

 f
ac

ili
ti

es
 t

o
 c

o
ve

r 
n

u
cl

ea
r 

em
er

g
en

ci
es

.

�� �� �� �� ��



© Woodhead Publishing Limited, 2012

P
h

as
e

D
u

ra
ti

o
n

 
(y

ea
rs

)
M

aj
o

r 
ac

ti
vi

ti
es

N
ee

d
ed

 i
n

fr
as

tr
u

ct
u

re

4b
. 

C
o

m
m

er
ci

al
 

o
p

er
at

io
n

40
–6

0
O

p
er

at
e 

th
e 

p
la

n
t 

w
it

h
in

 t
h

e 
sa

fe
ty

 
re

q
u

ir
em

en
ts

. 
E

st
ab

lis
h

 a
 s

tr
o

n
g

 
sa

fe
ty

 c
u

lt
u

re
. 

P
er

fo
rm

 p
er

io
d

ic
 s

af
et

y 
re

vi
ew

s.
 E

va
lu

at
e 

m
al

fu
n

ct
io

n
s,

 
in

ci
d

en
ts

 a
n

d
 a

cc
id

en
ts

. 
P

re
p

ar
e 

fo
r 

re
fu

el
lin

g
 o

u
ta

g
es

. 
C

o
n

d
u

ct
 

em
er

g
en

cy
 d

ri
lls

.

H
o

ld
, 

m
ai

n
ta

in
 a

n
d

 i
n

cr
ea

se
 r

eg
u

la
to

ry
 

co
m

p
et

en
ce

 o
n

 s
af

et
y 

co
d

es
 a

n
d

 s
ta

n
d

ar
d

s 
fo

r 
o

p
er

at
io

n
. 

B
e 

p
ar

t 
o

f 
th

e 
in

te
rn

at
io

n
al

 g
lo

b
al

 
sa

fe
ty

 r
eg

im
en

 a
n

d
 n

et
s 

fo
r 

sa
fe

 o
p

er
at

io
n

 a
n

d
 

sh
ar

in
g

 o
p

er
at

in
g

 e
xp

er
ie

n
ce

. 
D

ev
el

o
p

 
co

m
p

et
en

ce
 o

n
 e

q
u

ip
m

en
t 

ag
ei

n
g

, 
ra

d
io

ac
ti

ve
 

w
as

te
 a

n
d

 s
p

en
t 

fu
el

 m
an

ag
em

en
t.

5.
 

E
n

d
 o

f 
li
fe

5a
. 

D
ec

o
m

m
is

si
o

n
in

g
5–

10
Fi

le
 a

 d
is

m
an

tl
in

g
 p

la
n

 f
o

r 
ap

p
ro

va
l. 

D
ev

el
o

p
 a

 r
ad

io
ac

ti
ve

 w
as

te
 

m
an

ag
em

en
t 

sy
st

em
. 

E
n

h
an

ce
 

w
o

rk
er

s’
 i

n
te

rn
al

 a
n

d
 e

xt
er

n
al

 
d

o
si

m
et

ry
. 

D
ev

el
o

p
 s

af
et

y 
re

q
u

ir
em

en
ts

 f
o

r 
d

ec
o

m
m

is
si

o
n

in
g

. 
H

av
e 

a 
fi 

n
al

 r
ep

o
si

to
ry

 f
o

r 
ra

d
io

ac
ti

ve
 w

as
te

 c
o

m
in

g
 f

ro
m

 o
p

er
at

io
n

 a
n

d
 

d
is

m
an

tl
in

g
. 

H
av

e 
a 

m
an

ag
em

en
t 

p
ro

g
ra

m
m

e 
fo

r 
u

se
d

 f
u

el
.

5b
. 

Lo
n

g
-t

er
m

 
m

an
ag

em
en

t 
o

f 
sp

en
t 

fu
el

15
–1

00
+

E
st

ab
lis

h
 a

n
d

 m
ai

n
ta

in
 l

o
n

g
-t

er
m

 
ra

d
io

lo
g

ic
al

 c
o

n
tr

o
l 

o
f 

u
se

d
 f

u
el

 a
n

d
 

h
ig

h
-l

ev
el

 w
as

te
.

M
ai

n
ta

in
 c

o
m

p
et

en
ce

 o
n

 v
er

ifi 
ca

ti
o

n
 o

f 
co

m
p

lia
n

ce
 w

it
h

 r
eg

u
la

ti
o

n
s 

re
la

te
d

 t
o

 t
h

e 
lo

n
g

-t
er

m
 s

to
ra

g
e 

o
f 

u
se

d
 f

u
el

 a
n

d
 h

ig
h

-l
ev

el
 

w
as

te
.

S
o

u
rc

e:
 r

ep
ro

d
u

ce
d

 w
it

h
 p

er
m

is
si

o
n

 f
ro

m
 I

N
S

A
G

-2
2 

(I
N

S
A

G
, 

20
08

a)
.

T
ab

le
 1

.1
 C

o
n

ti
n

u
ed

�� �� �� �� ��



 Overview of infrastructure and methodologies of NPPs 9

© Woodhead Publishing Limited, 2012

ment’s responsibilities are limited to overseeing the process and to respond-
ing to the regulatory body’s reports in the way defi ned in the regulations. 
The regulatory body should be competent and prepared to evaluate the 
request, fi rst for a site permit and later for a construction licence. These 
requests have to be properly documented by the applicant to demonstrate 
that the site and the proposed design and its construction and their inter-
dependencies comply with the previously established requirements. For the 
fi rst nuclear power plants, the concerned institutions will need to outsource 
the needed knowledge and experience, while maintaining their formal 
responsibilities.

The operation phase (40 to 60+ years) is also divided into two sub-phases. 
The testing and commissioning phase is a short – 1 to 2 years – but very 
relevant part in the life of the nuclear power plant. At the end of the process 
the plant is formally transferred from the supplier to the operator, who has 
to accept full responsibility for the safety of the plant. There should be a 
competent and suffi cient group of well-trained persons to cover the multi-
ple activities required to operate a nuclear power plant. The regulatory 
body needs to have suffi cient knowledge and experience to decide that the 
verifi cation tests have been conducted satisfactorily, that the results are 
acceptable and that the operating crews have suffi cient knowledge and 
skills. For the fi rst nuclear power plants, outsourcing such activities becomes 
a need; nevertheless the responsibility remains within the licensee.

During the long commercial operation phase (60+ years) the licensee has 
to operate the plant safely, reliably and economically, strictly keeping to the 
regulatory requirements for operation. The regulatory organization should 
develop a permanent and effective safety oversight system, capable of dis-
covering departures from the establish requirements, hidden faults and 
tendencies and proper operation.

The end  phase (8 to 10 years) starts when the plant can no longer 
comply with the safety requirements established by the regulatory organi-
zation – in most cases due to ageing – or its operation does not comply 
with the economic returns expected from the owner. After about three 
years of being shut down, when short-lived radioactive isotopes have 
decayed suffi ciently, the dismantling of the plant may start. This process 
takes about fi ve to six years for the site to come to a greenfi eld (or simi-
larly suitable) status. During the latent period the plan owner has to keep 
the plant under control and prepare for decommissioning. This operation 
is normally done by a state-owned company, which becomes responsible 
for such operation. The regulatory organization has to grant a dismantling 
licence and regulate the classifi cation of the radioactive materials to be 
removed or declassifi ed. There could be very low activity, low and medium 
activity and high-level long-lived activity materials. Each class has a dif-
ferent management system.
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1.2.2 Safety and security: a major concern

In countries with operating nuclear power plants, experience shows that any 
perceived slippage in safety, however small, would have an adverse impact 
on any existing favourable attitudes towards nuclear energy. It is also said 
that a reactor accident anywhere in the world will also have a negative 
impact everywhere. Likewise, security, i.e. the prevention of sabotage or the 
theft of nuclear materials, is also a major public concern, mostly in those 
countries where such acts might be more likely to occur. These public con-
cerns about the safety and security of nuclear power plants have already 
been a barrier to nuclear power development and may also serve as a 
barrier to new construction in new entrant countries.

In the fi ssion reaction radioactive nuclides are generated and accumu-
late in the fuel matrix. Close to 300 nuclides are born; some of them have 
a short life and soon disintegrate to stable nuclides, but others have longer 
lives. The excess neutrons also created in the fi ssion reaction activate the 
fuel itself and generate radioactive actinides, some of them very long lived. 
The neutrons also activate the reactor core materials and the coolant, its 
impurities and additives. Some of these nuclides are very volatile, such as 
tritium, krypton-85 and iodine-131; others have an intermediate volatility, 
such as cesium-137 and strontium-90, among others; whilst others, such as 
plutonium-239, have a limited volatility and a long life. In case of severe 
accidents or sabotage, these nuclides can be released to the environment, 
as in the case of Chernobyl and Fukushima, and create a radiological 
problem.

Nuclear safety is the part of nuclear science and technology that is aimed 
at preventing accidents and reducing their effects in the very unlikely event 
of their occurrence. The possibility, however small, of an accident or sabo-
tage is at the root of the public’s apprehension towards nuclear energy. 
Chapter 10 of this book describes the basic safety principles. There are 
members of the public who do not question the reliability of nuclear power 
plants and have full confi dence in the regulators and operators; others ques-
tion whether it is possible to operate nuclear power plants safely and 
securely; there are also the more apprehensive who prefer to apply the 
precautionary principle and believe that in case of doubt it would be better 
not to have nuclear power.

All these peculiarities and their potential impact on society and the envi-
ronment have been known and accepted since the very beginning. From the 
start, it was recognized that nuclear energy needed to be regulated; an 
independent regulator will oversee all activities and have the authority to 
correct any deviation from the established requirements. Despite this over-
sight, safety cannot be absolute and there remains a residual risk, which can 
be accepted by society only if the benefi ts of nuclear power greatly surpass 
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any potential detriment coming from its deployment. In 2006, the IAEA in 
its Fundamental Safety Principles (IAEA, 2006) recognized the importance 
of such a long-established comparison and called it the Justifi cation Principle, 
taking the idea from the International Commission on Radiological 
Protection (ICRP, 1990) when applied to the use of radiation, mainly for 
medical purposes.

The residual risk inherent in the operation of a nuclear power plant can 
be estimated by the so-called probabilistic methodology created in 1975 by 
a substantial body of US experts sponsored by the US Atomic Energy 
Commission (AEC), a precursor body to the NRC which then assumed 
nuclear regulatory functions. The so-called Reactor Safety Study (NRC, 
1975) was made widely known and was applied in other countries. The 
methodology was further developed considerably; the nuclear risks were 
compared with those inherent in other industrial activities and natural 
phenomena to show that nuclear power plants are safer than most other 
industrial activities of comparable size. INSAG has considered this matter 
and has proposed (INSAG, 1992) that the expected frequency of an acci-
dent that may damage the reactor core should not be larger than 1 in 
100,000 years of operation, and that the expected frequency of a large and 
rapid release of radioactivity should not be greater than 1 in a million years 
of operation.

Most of the currently operating nuclear power plants have undergone a 
specifi c probabilistic safety study, limited to level I – core damage expected 
frequency – and level II – expected frequency of radioactive releases. 
Although new designs also have a probabilistic safety analysis, it is recom-
mended that any new reactor should undergo such analysis for the specifi c 
conditions of the site and the design. Both the licensee and the regulatory 
organization should develop knowledge and experience in performing and 
evaluating such safety studies.

Despite all these quantifi cations and limits, human beings, in their daily 
lives, do not quantify the many risks to which they are exposed; in a certain 
manner they develop a perception of risk and act in accordance with such 
perception. Although perception is an interior sensation coming from 
thinking and from the information transmitted by the senses and which is 
therefore subjective, this perceived risk is as real as quantitative risk estima-
tions offered by the experts.

Currently, the perceived risk is very large in many countries and sectors 
of society, while the estimated risk is suffi ciently small. This reality should 
be accepted and discussed among the parties concerned in order to take 
wise decisions without impairing the many social, economic and environ-
mental benefi ts coming from nuclear power. In this discussion there are two 
additional risk concepts in favour of nuclear power: the management of risk 
and the compensation for damage.
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In the defence-in-depth concept it has been widely accepted that the last 
line of defence should be based on the emergency plans. These plans, when 
well defi ned, equipped and managed, could limit the damage to the public 
and reduce the impact on the environment in the case of an accident. The 
existence of these emergency plans and the periodic testing of their effi -
ciency have been established in all operating plants and should be incorpo-
rated in any new plant. In its Safety Standards Series the IAEA has provided 
requirements for nuclear or radiological emergencies (IAEA, 2002). 
Emergency planning is treated in Chapter 12 of this book.

The current revision of the Paris Convention on Nuclear Third Party 
Liability will allow for a considerable increase in the amount of compensa-
tion available to affected persons by a nuclear power plant and for expan-
sion of the scope of the Convention to damages to the environment (NEA, 
2004a). This amendment and similar ones have also been included in the 
Vienna Convention on Third Party Liability. These revisions should be 
considered as an additional guarantee for protection against any potential 
damage to the health and safety of the people and against damage to the 
environment.

1.2.3 Nuclear power is intensive in capital

Any investment in large-scale generation of electricity has to consider three 
major items: the so-called overnight cost (i.e. the capital that has to be 
invested to build the plant to which the interest rate has to be added), the 
fuel cost, and the operation and maintenance (O&M) cost. All these ingre-
dients have to be manipulated to obtain the busbar cost of the electricity 
generated in the plant. The investment is the major component, while the 
cost of fuel is low and reliable, as well as the O&M cost.

Nuclear power plants are intensive in capital; i.e. the investment needed 
per unit of power to build a new nuclear power plant is very large, some-
times overriding the fi nancial capabilities of small- and medium-sized elec-
trical utilities. Even for large utilities the cost of a large nuclear power plant 
represents a signifi cant fraction of the company’s worth, and this large 
investment may put the company at risk should construction be delayed 
signifi cantly or costs escalate appreciably. Nuclear power plants are at dis-
advantage in this respect and efforts are in place to guarantee that there 
will not be, as in the past, construction delays due to regulatory require-
ments or stakeholder interventions.

On the other hand, the cost of nuclear fuel is much less signifi cant and 
more stable than the price of fossil fuels, which is a notable advantage for 
nuclear power plants. The O&M costs and other external costs are in all 
cases very much dependent on local conditions.
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There are specifi c protocols for analysing the economy of any given plant 
and establishing comparisons with other sources for generating electricity. 
The results depend very much on the input data and on the fi nancial prac-
tices and nature of the producer; moreover these evaluations are not gener-
ally available in the public domain. The NEA/OECD, in collaboration with 
the International Energy Agency (IEA), periodically conduct analysis of 
the projected costs of generating electricity, taking as a basis the data for 
real projects supplied to the OECD by the national authorities (OECD, 
2011). Chapter 15 of this book considers the economics of nuclear power.

From these comparative analyses among large thermal power stations, it 
is traditionally found that the investment cost is highest for nuclear and 
therefore sensitive to the rate of interest, but the busbar cost of electricity 
is the cheapest for nuclear in all cases. In most cases, on average, the cost 
of the investment represents 70% of the total cost of the electricity pro-
duced, while the fuel contributes only 10% and O&M covers the remaining 
20%.

Due to the high investment, fi nancial markets will be wary of investing 
in new nuclear plants until it is demonstrated that they can be constructed 
on budget and on schedule. This is forcing utilities to require subsidies and 
fi nancial guarantees to protect the investment. This has been granted by the 
US DoE for the fi rst few plants, while the UK government has announced 
that there will not be any government support for new nuclear builds in the 
country.

In the past, one source of delays in construction came from changes in 
regulation. Chapter 20 addresses the licensing system; typically, licences are 
needed for the site, construction, commissioning and operation, and decom-
missioning. Once the work has started, it is expected that the process will 
go ahead to the next phase in the life of the plant. The US NRC has simpli-
fi ed the regulatory system by including early site permits, certifi ed designs, 
and a combined construction and operation licence (COL). Other regula-
tory organizations are also streamlining the licensing process without losing 
effectiveness.

Another source of construction delays in the past has been associated 
with stakeholder court demands. This was particularly acute in the con-
struction of the Sizewell B plant in the UK. Stakeholder involvement in 
the project has to take place before construction starts, as recommended 
by INSAG (2006a). The government should start a well-laid-out stake-
holder consultation programme at a very early stage, and the decision to 
establish a new nuclear power programme should also have parliamentary 
agreement.

In the UK a formal justifi cation process for nuclear designs, with the 
participation of stakeholders, has been put into practice. The justifi cation 
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authority has declared as justifi ed the French European Pressurized Reactor 
(EPR) design and the Westinghouse AP-1000 design. This means that utili-
ties applying to build one of these justifi ed projects in a given accepted place 
will only have to inform and consider the opinion of the local people.

Any new nuclear power plant build should only start when there are 
enough guarantees that construction will not be delayed due to unnecessary 
regulatory changes, stakeholder formal involvement or other causes.

1.2.4 Nuclear power is intensive in intellect

Nuclear physics is the scientifi c support for nuclear technology; it has been 
developed throughout the twentieth century and is still developing. It is a 
complex science requiring advanced mathematics and abstractions that are 
often diffi cult to conceive. The physical phenomena taking place in the core 
of a nuclear reactor are much more diffi cult to understand than those 
present in the combustion chamber of a fossil fuel plant or those affecting 
the operation of a wind turbine. Reactivity control, a phenomenon unique 
to the reactor, and the transport of heat from the core to the energy conver-
sion system also need the understanding of complex and interlinked phe-
nomena, even under normal operating conditions, and much more during 
transient and accident situations. Neutrons also interact with the different 
materials in the core, changing their mechanical properties and producing 
activated materials. In nuclear technology, materials science is also in high 
demand, as well as quality assurance in the design and construction of 
structures, systems and components and in the operation of the nuclear 
plant. Quality assurance during design, construction and operation is con-
sidered in Chapter 21 of this book. These characteristics make nuclear 
technology intensive in intellect, with the result that the deployment of 
nuclear power plants requires a large number of well-qualifi ed experts for 
the design, construction, operation and decommissioning of nuclear power 
plants.

Nuclear technology has created new materials, perfected technologies 
and technological processes, and developed strict codes and standards for 
the design, manufacturing and quality assurance of components. A unique 
industry has been created to produce nuclear power plant materials and 
components, which may not be suffi cient to cope with a high demand. 
Moreover, the strict requirements concerning materials and fabrication 
techniques will limit the number of countries participating in the design and 
construction of nuclear power plants.

This intensity in intellect requires that all countries wishing to introduce 
nuclear power programmes need to have a scientifi c and technological 
structure to take an active part in the design, manufacturing of components, 
assembly and construction of the power plants. This requires the develop-
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ment of research and education institutions, as described in Chapter 7 of 
this book on the need for technological development. Although there could 
be other arrangements, such as outsourcing, the commissioning and opera-
tion of the plants have to be conducted under the responsibility of the 
licensee and this requires that the operating team has to receive and main-
tain a high level of education, as described in Chapter 6 of this book on the 
need for human resources.

International organizations, mainly the IAEA, the European Union and 
the NEA/OECD, have shown concern on nuclear education and training. 
During the IAEA 2002 General Conference, resolution GC(46)/RES/11B 
on nuclear knowledge was approved, and this resolution was reiterated in 
the subsequent General Conferences.1

One of the results of such a resolution was the creation in 2004 of the 
Asian Network for Education in Nuclear Technology (ANENT) to assist 
countries in the Asian region to build capacity, develop human resources, 
and construct scientifi c infrastructures through cooperation in education, 
nuclear knowledge management and related research and training. 
Currently there are many member institutions from 17 countries and several 
international and regional networks as collaborating members. ANENT is 
very active and can be reached through http://anent-iaea.org. A summary 
of the IAEA activities and international coordination with ANENT can be 
found in IAEA (2007).

The ‘European Nuclear Engineering Network’ project was launched 
under the 5th European Commission framework programme in January 
2002. It established the basis for conserving nuclear knowledge and exper-
tise, developing high-level nuclear education within the European Union 
member countries and establishing links within the learning centres and the 
end users of knowledge and expertise. In September 2003 the European 
Nuclear Education Network (ENEN) Association was established by the 
partners of the European Nuclear Engineering Network project. Because 
the project itself was limited in time, the foundation of the ENEN 
Association, a non-profi t international organization under the French law 
of 1901, gave a more permanent character and a legal status to the foreseen 
activities. As of 11 March 2010, ENEN has 56 members, mainly European 
universities and some research centres. ANENT has established a partner-
ship with ENEN. The many activities of ENEN can be found in http://www.
enen-assoc.org.

The NEA/OECD has also shown serious concerns on the need for educa-
tion and training in nuclear science and technology. In a refl ection paper 
prepared in 2000 by the Working Group on Nuclear Education, Training 

1 In the IAEA General Assembly, proposed resolutions are either approved or 
denied.
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and Competence (NEA, 2000) it is recognized that ‘there are indicators that 
future (nuclear) expertise is at risk’. It also states ‘The ability of universities 
to attract top quality students, meet future staffi ng requirements of the 
nuclear industry, and conduct leading-edge research is becoming seriously 
compromised’. In the follow-up document on nuclear competence building 
(NEA, 2004b), mechanisms and policies are identifi ed for promoting inter-
national collaboration in the area of nuclear education and research and 
development. Concerns for losing expertise for research and development 
in nuclear safety have also been expressed by the INSAG (INSAG, 2003).

Responsible offi cers from the nuclear industry have also expressed their 
concerns on the potential lack of suffi cient human resources for a future 
deployment of nuclear power plants. With the objective of changing that 
situation, the World Nuclear Association (WNA) is supporting the World 
Nuclear University (WNU). The World Nuclear University has been defi ned 
as ‘a global partnership committed to enhancing international education 
and leadership in the peaceful applications of nuclear science and technol-
ogy’. That partnership includes the WNA and the World Association of 
Nuclear Operators (WANO), has the support of the IAEA and the NEA/
OECD and includes, as members, leading learning institutions in some 30 
countries. As a symbol, the WNU was inaugurated in 2003 in a London 
ceremony commemorating the 50th anniversary of President Eisenhower’s 
historic ‘Atoms for Peace‘ initiative. WNU is a non-profi t corporation pur-
suing its educational and leadership-building mission through different pro-
grammes, one of the most salient examples of which is the WNU Summer 
Institute at Oxford University.

High-level nuclear education alone is not suffi cient. The construction and 
operation of a nuclear power plant also needs a large number of persons 
with practical knowledge in many activities such as welding, installing and 
fi tting mechanical, electrical and electronic components of many kinds. This 
knowledge is normally acquired in vocational schools – in essence, the 
needed knowledge is no different from that required in other types of 
installations, but the nuclear application is generally stricter than in other 
industries and the work in the operating plant often has to be done under 
radiation. All this requires additional and deeper knowledge. This extra 
training is generally done on the plant premises under well-defi ned training 
programmes. The US Institute of Nuclear Power Operations (INPO), 
created in 1982, has developed training requirements for operations, main-
tenance and technical training programmes for key functional areas in each 
individual plant. The National Academy for Nuclear Training was estab-
lished by the US utilities to ‘focus and unify industry efforts to continue 
improvement on training and qualifi cation programmes and to enhance 
professionalism and pride of nuclear personnel’. INPO has provided guid-
ance on how to conduct effective training and the Academy has established 
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the way to formally qualify the training programmes (ACAD, 2002). These 
guidelines for the conduct of training and the qualifi cation of the training 
programmes have been accepted in other countries.

The remarks so far do not address public education on nuclear issues. In 
countries with nuclear power plants in operation, these plants are part of 
everyday life and often produce news of a different character which should 
be clearly explained in order to be better understood by the people. Even 
in countries without operating nuclear power plants, the use of radiation 
for medical or other purposes also creates news and is of concern to society. 
Any new entrant needs to be prepared to address the anxiety that a new 
nuclear power plant may create among the population. There are many 
countries where a strong antinuclear social opinion has prevented the 
development of a nuclear power programme. There is also a group of coun-
tries, Austria, Italy and Spain, for example, where plants already in opera-
tion, built or in an advanced state of construction have been stopped 
because of society’s attitudes.

One of the key elements in overcoming antinuclear social attitudes rests 
on the creation of a national system of public education on nuclear matters 
along the educational chain. These activities have been going on for a long 
time in countries with operating plants. For example, in Spain, the Atomic 
Industrial Forum has maintained consistently, for many years, an informa-
tion programme for science teachers in high schools. All nuclear power 
plants have built an information centre open to the public. Even the Spanish 
regulator has built an information centre covering its activities, and the 
national company for radioactive waste management also has such a facility. 
Similar examples can be found in other countries. It is also relevant that 
people working in the information media should have a minimum level of 
nuclear education to ensure precision when communicating nuclear news. 
The Spanish Atomic Industrial Forum has created a nuclear energy manual 
for journalists. There are also examples in other countries.

The demand for nuclear knowledge is very high at all levels and is dif-
fi cult to acquire. The extreme antinuclear attitude of some sectors of society 
and their national and international infl uence in political decision making 
has already prevented the deployment of nuclear energy in many countries 
and is therefore depriving those countries of the social, economic and envi-
ronmental advantages of nuclear power. The concerns of society should be 
addressed, but a proper understanding of nuclear issues needs to be based 
on a solid system of education and information.

1.2.5 Nuclear power is intensive in energy

The fi ssion of a uranium-235 atom generates 210 mega electron-volts, MeV, 
of energy, while the combustion of an atom of carbon-12 produces only 
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about 4 MeV of energy. Therefore, the fi ssion reaction is some 50 million 
times more energetic than the combustion reaction. This is a signifi cant 
difference; to generate the same amount of electricity a conventional power 
station will need millions of times more fossil fuel than the amount of fuel 
for a nuclear plant. This explains the low impact of the nuclear fuel in the 
cost of electricity and the relatively small amount of used fuel which is 
produced.

In the current design of light water reactors (LWRs), uranium is intro-
duced in the reactor as an oxide, with uranium-235 enrichment that may 
vary from about 3 to 5%, only a fraction of which is consumed in the reactor. 
During the process, a small fraction of the uranium-238 present is trans-
muted to plutonium-239, which is also fi ssionable. The fi nal result is that the 
mass of nuclear fuel per unit of energy generated is 2 to 3 million times 
smaller than that of coal, depending on the quality of the coal, and 1.2 
million times smaller than natural gas. This reduced demand on natural 
uranium resources makes nuclear power more attractive.

Although uranium is a relatively common element, the mass of the 
natural resources of uranium which may be recovered at reasonable prices 
is millions of times less than those of coal and natural gas and some con-
cerns have been expressed on the availability of uranium to cope with a 
large deployment of new nuclear power. In any case, the supply of natural 
uranium has the potential to introduce big changes in the future develop-
ment of nuclear technology.

The so-called Red Books (named after their colourful cover), published 
roughly every two years since 1965, are one of the most reliable sources of 
information on uranium supply and demand. Originally those books were 
developed by an expert group within NEA/OECD. Since the mid-1980s the 
books have been developed in cooperation with the IAEA. In 2006, a com-
pilation edition recreated the 40 years of work (NEA, 2006). The last Red 
Book was published in 2010 to cover 2008–2009 (NEA, 2010). It discusses 
the efforts being made to boost production to cope with the increasing 
demands. It also features projections on uranium requirements through 
2035 as well as an analysis of long-term uranium supply and demand.

In a recent NEA outlook for nuclear energy development (NEA, 2008) 
it is stated that the ‘current identifi ed conventional uranium resources are 
already suffi cient to fuel the NEA high scenario expansion of global nuclear 
generating capacity employing a once-through fuel cycle until 2050’. The 
NEA high scenario assumes that an average of 12 new reactors are built 
per year from 2007 to 2030, needed to replace decommissioning plants and 
increase nuclear power contribution in the generation of electricity. From 
2030 to 2050 the building rate is projected to increase, reaching an average 
of 50 new builds per year, up to a fi nal capacity three times larger than the 
current one. The growth of the uranium market may lend to the discovery 
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and exploitation of further conventional resources, which may prolong the 
supply of uranium to about 100 years for the high-level scenario previously 
discussed.

Although there are still unconventional resources with a large potential 
capacity, a natural resource assumed to last for a century cannot be consid-
ered as a long-term solution for generating electricity. The once-through 
fuel cycle is a very ineffective way to use uranium. Reprocessing the used 
fuel will separate suffi cient plutonium to be used in the same LWRs using 
MOX fuels, to increase the life of the resource by some 20%.

To improve sustainability of supply it would be necessary to deploy an 
appropriate combination of thermal and fast breeder reactors working with 
the uranium-238/plutonium-239 cycle. In the future, the thorium-232/
uranium-233 cycle, under development in India, will also be used. In this 
way the complete energy capability of the natural uranium resource will be 
materialized, potentially increasing the life of the resource to several mil-
lennia, securing the future sustainability of nuclear energy for electricity 
generation and other uses. The reprocessing technology is commercially 
available and the fast breeder technology is well advanced. The deployment 
of this technology will be one of the most important nuclear power 
developments.

1.2.6 The need to control nuclear materials

It is well recognized that uranium-235 and plutonium-239 are strategic 
materials of great relevance to nuclear weapons programmes. The Non-
Proliferation Treaty (NPT) was created within the United Nations with the 
intention of preventing the development of nuclear weapons. Scientists 
have been able to develop nuclear fuel cycles with the potential to prevent 
nuclear proliferation, but they are not yet commercially available. Of course, 
the best non-proliferation system rests on the willingness of decision makers 
in only pursuing peaceful uses of nuclear power; such willingness should be 
based on the principles of equality and universal solidarity.

Nuclear proliferation has a deep infl uence on the development of nuclear 
power. So far, the accountability of nuclear materials in declared installa-
tions has proven to be reliable and offers guarantees on the peaceful use 
of nuclear energy in those countries which have signed the IAEA 
Comprehensive Safeguards Agreement (CSA) system of accounting 
(IAEA, 1972) approved by the IAEA in 1972; it provides the basis for 
negotiating CSAs between the IAEA and NPT parties as required by 
Article III.1 of the Treaty. After the Iraqi experience (see also Chapter 13), 
the IAEA proposed a Model Protocol Additional to Agreements for the 
Application of Safeguards (IAEA, 1997) to improve the effectiveness of 
the system, based on facilitating the accountability of all nuclear materials 
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and activities related to the nuclear fuel cycle and to have complementary 
access to locations additional to those defi ned in the CSA already signed. 
This subject is developed in Chapter 13 of this book.

So far, the most signifi cant drawback to nuclear development attributable 
to the generation and control of strategic nuclear materials was the decision 
taken by US President Carter on 10 March 1978 to sign the Nuclear Non-
Proliferation Act, to ban used fuel reprocessing and to declare that the 
nuclear fuel cycle had to be open.2 This decision was not followed by France 
where fuel reprocessing has continued, covering not only its own fuel but 
also the fuel from other countries. This activity has recovered plutonium-239 
which has been reused in the light water reactors in MOX-type fuel elements 
composed of a mixture of uranium and plutonium oxides, which therefore 
extends the country’s uranium resources. The use of MOX fuel is practised 
regularly in France, the USA, Japan and other countries and is considered 
an advantage, as plutonium partially substitutes for uranium-235.

The maintenance of an open nuclear fuel cycle decision can have two 
negative impacts on the future of nuclear development. First of all, the used 
fuel would be considered as highly active radioactive waste, for which a fi nal 
destination has to be found, most probably a deep geological repository. 
Secondly, the residual usable fuels, i.e. the unburnt uranium and the gener-
ated plutonium, would not be used to generate additional nuclear energy, 
and this would in turn prevent the development of a sustainable nuclear 
energy system utilizing Generation IV reactors.

New entrant countries need to consider the destination of their used fuel. 
There are several solutions to this. In the near term, used nuclear fuel is 
stored in the ad hoc pools within the plant premises. Generally the capacity 
of these pools will not cover all the used fuel for the life of a plant. This 
should not be considered an impediment to a nuclear power programme, 
as analyses and practical experience have shown that used fuel can be 
stored for up to a century in dry cask storage at a very low risk of release 
of radioactive material to the environment. But this kind of storage is tem-
porary and sometime in the future the used fuel will have to follow either 
the open cycle with storage in a deep geological repository, or the closed 
cycle with reprocessing. There is also an intermediate solution for entrant 
countries – that of leasing nuclear fuel from other countries which can then 
be sent back to the provider once it has been used. Within the IAEA there 
have also been suggestions that would internationalize the fuel cycle, i.e. 
with enrichment and reprocessing conducted only in specifi c international 

2 President Carter convened a large group of international experts who concluded 
that the fuel cycle of the moment was not proliferation proof, after which he signed 
the Act and ordered the cancellation of the almost fi nished Barnwell reprocessing 
plant.
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facilities under strict control. Nevertheless, the materialization of these 
plans has not advanced much and there exists the possibility that they will 
not materialize at all, at least on a global scale. Even less advanced is the 
development of an international repository for used fuel for the highly 
radioactive waste arising from reprocessing and for active in-core compo-
nents resulting from dismantling.

New entrants should consider the convenience of developing their fuel 
cycle supply and used fuel management systems. The International Advisory 
Board (IAB) chaired by Hans Blix, former IAEA Director General, set up 
by the government of the United Arab Emirates (UAE), has recently pub-
lished its fi rst semi-annual report (IAB, 2010) where it recommended that: 
‘The UAE programme accelerate the development of an integrated fuel 
cycle strategy including methods for securing long term supplies as well as 
arrangements for the management . . . of spent fuel and other nuclear 
waste.’ This recommendation is also valid for any new entrant to nuclear 
power and to countries with operating nuclear power plants that have not 
yet established a fi nal policy for the management of used fuel.

1.2.7 The long-term management of nuclear waste

In many Western European countries citizens do not support nuclear energy 
because of the wide belief that the management of nuclear waste is not 
adequately solved. In Germany, for instance, the biggest ongoing antinu-
clear demonstrations have been focused on the transportation by rail of 
vitrifi ed high-activity waste arriving from the French La Hague reprocess-
ing plant to the German Gorleben repository. Similar demonstrations were 
seen in Barcelona during the transportation by rail through the city of 
irradiated fuel to France from the Vandellós nuclear power plant. It is also 
believed that the termination of the USA Yucca Mountain project for the 
storage of used fuel was not due to technical reasons but because of social 
and political pressures. The management of radioactive waste, mainly the 
used fuel, has been and will continue to be a major drawback for nuclear 
deployment, if not approached properly.

The management of radioactive waste has passed through three distinct 
phases, each driven chronologically by the pioneers, the managers and the 
scientists. The fi rst one has already passed, while the last two currently 
coexist. The management of radioactive waste is considered in Chapter 14 
of this book.

Although radioactive waste management has always been a matter of 
concern, nuclear pioneers did not put suffi cient attention into achieving 
proper management in the early days, where the major concerns of scien-
tists, technologist and industrialists were concentrated on research and 
development into designing, building and deploying nuclear power plants 
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and fuel cycle installations. Radioactive waste from research was introduced 
into drums and buried in shallow trenches. For a time, US drums containing 
radioactivity were dumped into the Pacifi c Ocean, and European wastes 
(under the supervision of the NEA/OECD) were dumped into the Finisterre 
depression in the North Atlantic Ocean, not far from the Spanish coast. 
These practices were considered unacceptable and terminated in the 1980s.

Following the pioneering closure of the fuel cycle, the logical solution was 
to reprocess used fuel, mainly to recuperate the generated plunonium-239 
of strategic value at that time. For a while, high-level liquid wastes coming 
from reprocessing plants were dumped into the sea; but again, it was soon 
recognized that such practices were not acceptable and new management 
systems were developed leading to the vitrifi cation of the liquid wastes and 
the storage of vitreous materials on land.

The fi rst management activities were not convincing and, once they 
became more widely known, were not accepted by society. It was clear that 
a new managerial system was needed. Countries with nuclear power plants 
in operation created specifi c institutions to manage radioactive waste and 
used fuel. National institutions very soon started to develop and introduced 
radioactive waste management activites and solutions, such as ANDRA 
(France), DDA (UK), DBE (Germany), COVRA (The Netherlands), 
ENRESA (Spain), NUMO (Japan), NWMO (Canada), OCRWM (USA), 
POSIVA (Finland) and SKB (Sweden), among others, as well as some 
other multinational institutions, such as EDRAM and COWAM. They soon 
came to the idea that the best solution was to build above-ground repositor-
ies for low and medium activity wastes including radionuclides with short 
and intermediate lifetimes. For high-activity, long-life wastes deep geologi-
cal disposal was foreseen as the best solution. Long-term research pro-
grammes were also soon established nationally and on cooperative bases 
internationally.

Nevertheless, many experts believed that such decisions for waste man-
agement strategies, using mainly deep geological repositories, were not 
based on solid scientifi c knowledge and a proven technological basis. The 
decision to develop deep geological repositories was mainly based on (1) 
the perceived urgent need to solve the problem, and the estimated possibil-
ity of developing such repositories with the current mining technology and 
with a minimum of research efforts; (2) the desire in some countries during 
the 1980s and 1990s to phase out nuclear power plants completely, and (3) 
the belief that the repository solution was the best to protect future genera-
tions from the radioactive wastes generated by the present generation.

This solution, as stated above, has not always been perceived to be accept-
able. The continuing resistance to the Gorleben repository in Germany, the 
Yucca Mountain Project in the USA and the Berrocal project in Spain, 
among other examples, clearly proves that actions have to be taken by the 
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governments to accommodate these concerns. INSAG has recommended 
creating a system of information and participation of stakeholders in rele-
vant nuclear activities, including used fuel management (INSAG, 2006a). 
The US Nuclear Waste Policy Act of 1982, amended in 1987, by giving some 
oversight responsibilities to the local governments has improved the situa-
tion in the US. In Europe some countries, notably Finland and Sweden, have 
developed a strong, longstanding, well laid out and very successful informa-
tion system. More recently, EU leaders have created the European Nuclear 
Energy Forum (ENEF) to create an open dialogue with stakeholders.

Apart from the social reaction, the experts recognized the diffi culties in 
engineering and proving the validity of a deep geological repository. The 
managers themselves were aware of such diffi culties and soon introduced 
two new concepts: reversibility and retrievability. Reversibility means that 
the process could be stopped in any of its phases, if needed. Retrievability 
assumes that the waste could be retrieved, completely or in part, in case the 
contents, the repository, or both, did not behave in the expected manner. It 
could prove impossible, or very diffi cult, to retrieve the fuel after a reposi-
tory has been sealed.

A new scientifi c approximation could be developed if it were possible to 
increase the decay constant of the radionuclides in the waste.3 The decay 
process is statistical in nature and it has not yet been possible to modify the 
decay constant in any physically available way. Marie and Pierre Curie, after 
discovering radium and measuring its decay rate under normal laboratory 
conditions, repeated such measurements with the material subjected to 
very low temperatures and to very high pressures, and did not fi nd any dif-
ference in the measured rate of decay. Their experiments proved the invari-
ability of the decay constant under the tested environmental conditions, but 
these fi ndings do not mean that there could be other physical agents, energy 
fi elds or circumstances, not yet known, that could modify the rate of 
disintegration.

Transmuting radionuclides by neutrons is a well-known physical process. 
These transmutations may produce shorter-lived radionuclides and even 
convert radionuclides into non-radioactive isotopes. This idea, fi rst pro-
posed by the Italian Nobel Prize winner, Dr Carlo Rubbia, has been con-
sidered in several research projects. To achieve transmutation it is necessary 
to use large fl uxes of high-energy neutrons, which can be obtained in 
Accelerator Driven Spallation facilities and fast reactors. The application 
of such processes to manage used fuel requires the chemical separation of 
the long-lived actinides and fi ssion products followed by irradiation by a 

3 This is an idea coming from some observations in the Sun. It is believed that the 
decay constant of some radioactive products in the Sun may be shorter than in the 
Earth due to the fi elds there, though this is currently very speculative.
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neutron source with the indicated properties. The complete process is called 
separation–transmutation or partitioning and transmutation. Well-founded 
research projects are under development in this area, mainly sponsored by 
EURATOM.

Although many processes are being explored, there is not yet a unique 
satisfactory solution.4 The most promising solution is the separation–trans-
mutation process. It has the advantage of recycling the used fuel and pro-
motes the sustainability of nuclear fi ssion power production. High-level 
radioactive products will still be produced by this process, but these wastes 
will have a much shorter life and they can be incorporated into glass, a 
stable solid matrix (i.e. vitrifi ed). The technical and economic viability of 
the separation–transmutation process will need some time to be fully dem-
onstrated; in the meantime, the used fuel can be safely stored in dry 
containers.

1.3 The bases for the development of nuclear power

The current recognized interest for developing nuclear power in new 
entrant countries and also in countries with operating nuclear power plants 
is based on the perceived advantages of nuclear energy to generate electric-
ity. The demand for electricity and for other forms of energy, such as 
transportation in electrically driven vehicles and the production of high-
temperature steam for the production of hydrogen and other uses, has 
created a need for nuclear power. It is highly recommended that the coming 
deployment of nuclear power plants is conducted within the global nuclear 
safety and security regimen defi ned by the IAEA. This means the early 
establishment of a satisfactory set of regulations based on the IAEA Safety 
Standards Series. The introduction of nuclear power in a country should 
also be justifi ed by comparing the benefi ts to be obtained with the detri-
ments it may create. These aspects are considered in the following 
paragraphs.

1.3.1 The need for nuclear power

The need for nuclear power is clearly demonstrated by the activities going 
on and the proposals already formulated by the IAEA Member States. The 
IAEA Director General in his address to the Board of Governors in the 
2010 General Conference (IAEA, 2010a) announced that there were 441 
nuclear power plants operating in 29 countries, with a total capacity of 

4 Transmutation is a way of reducing activity in the long range by changing long-
lived nuclides into shorter-lived nuclides. After transmutation, activity increases but 
it disappears faster through decay.
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375 GW(e) representing more than 15 millennia of operating experience. 
He added that a total of 65 reactors were under construction with a total 
electrical capacity of 62.9 GWe. It is of interest to note that by the end of 
2009, 123 nuclear power reactors have been shut down permanently, of 
which 12 plants have been totally dismantled, 54 are in the process of being 
dismantled, 48 are kept in a secure enclosure, three have been entombed 
and six are pending a dismantling strategy.

The largest activity is going on within the 29 countries that already have 
operating nuclear power plants. Of these 29 countries, 13 are already build-
ing new plants, mainly China (27, including two in Taiwan), the Russian 
Federation (11), India (5) and the Republic of Korea (5). Four countries 
– Bulgaria, Japan, the Slovak Republic and Ukraine – are building two 
plants each, while fi ve more – Argentina, Brazil, Finland, France and the 
USA – are each building one plant. Two countries with operating plants 
plan to phase out or limit the production of nuclear generated electricity, 
while fi ve are reviewing their national energy plans, four are permitting new 
builds but without government support, and fi ve countries will build power 
plants with government support.

The IAEA maintains a Status and Prospects on Nuclear Power informa-
tion portal based on the information provided by the Member Countries. 
Currently more than 60 newcomer countries have expressed interest in 
developing nuclear power; although half of those countries are only inter-
ested in knowing more about the issues associated with nuclear power, the 
other half have shown the intention or have advanced plans to proceed with 
nuclear power development. The United Arab Emirates (UAE) has accepted 
a $20 billion bid from a South Korean consortium to build four commercial 
nuclear power reactors, totalling 5.6 GWe, by 2020; Bangladesh, Egypt and 
Vietnam have been planning for nuclear power for some time and Poland 
is reviewing the nuclear option. Up to 10 newcomers are expected to start 
nuclear power plans within a few decades.

Among the countries with already operating nuclear power plants, the 
US could be the most active. It has been published that as of July 2009, the 
US Nuclear Regulatory Commission (US NRC) had received 17 applica-
tions for combined construction and operating licences for 26 units, and it 
expects to receive a total of 22 applications for 33 units by the end of 2010. 
In early 2011, some 17 companies and consortia are considering building 
more than 30 nuclear power plants. The USNRC is actively reviewing 12 
combined licence applications from 11 companies and consortia for 20 
nuclear power plants.

Plans for new builds are very advanced in the UK. EDF Energy is plan-
ning to build two EPR units at the Hinkley Point site where two advanced 
gas-cooled reactors (AGRs) are in operation. Recently, the Dutch govern-
ment has outlined the requirements for the construction of new nuclear 
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power plants starting before 2015. The Czech Republic, Poland and 
Lithuania have announced plans to start new builds, while Slovakia and 
Romania are already building new nuclear plants. All these activities clearly 
demonstrate the perception in many countries of the need for nuclear 
power and its deployment.

The 11 March 2011 Fukushima events, although still pending from a 
thorough international analysis, are already affecting the pace of these 
ambitious projects. Countries with operating or under-construction nuclear 
power plants and those with advanced new nuclear power projects need to 
know in detail the Japanese experience to increase the safety of their nuclear 
units and to introduce new siting and design requirements for any new build.

1.3.2 The need for a global nuclear safety 
and security regimen

The 1979 TMI-2 accident made very clear the need for a global regimen to 
share nuclear power plant operating experience. The subsequent creation 
in the US of the Institute for Nuclear Power Operation (INPO) was a clear 
response to such need. Its wide open invitation for participation of electric 
utilities in other countries initiated the creation of a truly global regimen 
on sharing operating experience. The 1986 Chernobyl accident also made 
very clear the necessity to involve all countries as active partners in a single 
global nuclear safety regime. Leading countries promoted the creation of 
several international conventions relevant to nuclear safety.

The increasing rate of terrorist activities has also led national authorities 
and international organizations, mainly the IAEA, to increase their security 
requirements to protect nuclear power plants against such acts. The IAEA 
International Nuclear Safety Group has specifi cally considered the need for 
strengthening the global nuclear safety regime (INSAG, 2006b). At the 
IAEA 2002 General Conference, resolution GC(46)/RES/13 was adopted 
to coordinate the IAEA security activities.

National regulators and power plant operators and vendors have created 
associations to harmonize existing regulations and develop common safety 
regulations and practices. The Western European Nuclear Regulators 
Association (WENRA) is one of the most active networks. The World 
Association of Nuclear Operators (WANO), created after the Chernobyl 
accident, is truly a worldwide network interchanging operational experi-
ence and safety practices. The MDEP, already mentioned in Section 1.2.3, 
is an outstanding effort to create uniformity in the safety requirements and 
design basis of new projects.

The main elements of a nuclear safety regime are depicted in Fig. 1.1 
taken from the INSAG-21 document (INSAG, 2006b). There are three 
distinct levels in the wheel: the ‘motor’, i.e. core national infrastructure; the 
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1.1 The wheel of the global safety regimen. Reproduced with permission 
from INSAG-21 (INSAG, 2006b).

‘transmission’, i.e. standards, projects and cooperative tools; and the exter-
nal organizations needed to achieve a truly global safety regimen. In its 
report, INSAG considers that the motor of the global nuclear safety regimen 
starts within the states with nuclear power plants under consideration, 
construction or operation. There are instruments in place to harmonize the 
national infrastructures, the most signifi cant being the international conven-
tions, mainly the Convention on Nuclear Safety (IAEA, 1994), the IAEA 
safety standards, considered in Chapter 4 of this book, and the interchange 
of operating experience, the importance of which has also been considered 
by INSAG (2008b). Finally there should be international organizations and 
multinational networks able to accept and develop the necessary harmoni-
zation of safety principles.

New entrants and also all countries with operating nuclear power plants 
should recognize the relevance of their contribution to the global nuclear 
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safety regimen. Being a party to the relevant conventions, adopting a sound 
and complete set of regulations and participating actively in multinational 
organizations and networks are highly recommended.

INSAG recognizes that most of the elements in the wheel of the global 
nuclear safety regimen are already in place and working in the intended 
way. Nevertheless it encourages (INSAG, 2006b, page 8):

• ‘Use of the review meetings of the CNS (Convention on Nuclear Safety) 
as a vehicle for open and critical peer review and a source for learning 
from the best practices of others’

• ‘Enhanced utilization of the IAEA Safety Standards for the harmoniza-
tion of national safety regulations to the degree possible’

• ‘Enhanced exchange of operating experience and the use of this experi-
ence for life cycle management and back fi tting of nuclear facilities, as 
well as for improving operating and regulatory practices’

• ‘Multinational cooperation for the safety review of new nuclear power 
plant designs.’

Although security has been a requisite from the start of nuclear power 
development, it has remained within the plant itself, the national regulatory 
organizations and the government institution for civil security and protec-
tion. The details of any plant security programme have to be kept 
secret. The nature of security makes it non-amenable to a global security 
system. Moreover, the thread highly depends on the national conditions. 
Nevertheless, as it has already said, the IAEA has started to reorganize its 
functions on security. Since 2002, the Nuclear Safety Department has been 
converted into the Nuclear Safety and Security Department and some 
safety guides have started to appear (IAEA, 2008a, 2008b, 2008c).

1.3.3 The need for a complete and satisfactory set 
of regulations

Nuclear power has the potential to provide benefi ts to countries as a whole, 
society at large, individuals and the environment. But the parallel unavoid-
able generation of radioactive nuclides represents a risk to the society, the 
individuals and the environment. To reduce the risks to an acceptable level 
it is necessary to closely regulate the development of nuclear power. Chapter 
4 of this book describes the regulatory requirements to be implemented to 
enhance safety and therefore to reduce the risks, while Chapter 20 describes 
the licensing process necessary to have the formal approval of the plant and 
to defi ne the responsibilities for its operation.

Principle 2 of the IAEA Safety Fundamentals (IAEA, 2006) addresses 
the role of government. It established that ‘An effective legal and govern-
mental framework for safety, including an independent regulatory body, 

�� �� �� �� ��



 Overview of infrastructure and methodologies of NPPs 29

© Woodhead Publishing Limited, 2012

must be established and sustained’. It adds that such regulatory body should 
comply with three major activities: (1) to propose and enact safety require-
ments and safety guides that properly cover all nuclear activities foreseen 
in the country, including siting, design and construction, commissioning, 
operation and dismantling of nuclear power plants and fuel cycle installa-
tions, as well as the safe transport of radioactive materials and nuclear fuel; 
(2) to verify compliance with the licence conditions and with applicable 
regulations and to assess the safety of the installations and corresponding 
activities through safety analysis, oversight activities and inspections; and 
(3) to enforce the application of the established licence conditions and 
applicable regulations in case of departure or intentional deviation from 
such requirements and regulations.

The building up of a satisfactory and complete set of regulations is a 
long-term job that matures along with the development of nuclear power 
in a given country. A basic nuclear law should be proposed by the govern-
ment and properly approved well before the decision is taken of whether 
or not to develop a nuclear programme. Such law should be in accordance 
with the idiosyncrasy and the legal structure of the country but, at the same 
time, it should include the basic principles of nuclear regulation, i.e. the 
protection of society, the individual and the environment against radiation 
risk. A second key element is the creation of the independent regulatory 
body, including its composition and functions, as well as means to enhance 
its independence, competence and human resources. The IAEA Safety 
Standards Series includes valuable documents to help countries in develop-
ing such documents (IAEA, 2010b).

Once created, the regulatory body has to grow in experience and com-
petence. INSAG has considered such development on the basis of the 
IAEA Fundamental Safety Principles (INSAG, 2008a). The fi rst major 
activity to be accomplished is the site evaluation and its compatibility with 
the design of the plant and emergency plan effectiveness. Detailed require-
ments and guides for site evaluations are available in the IAEA Safety 
Standards Series (IAEA, 2003) and presented and developed in Chapter 
18. The main site characteristics of interest include population distribution; 
external natural hazards, mainly seismology, extreme meteorological condi-
tions and hydrological events; human-induced events such as fi res; and the 
possibilities of large chemical explosions nearby or aircraft crashes, among 
other hazards. The sustainability and capacity of the ultimate heat sink is 
also a relevant safety factor. The country experts are the ones who know 
best the characteristics of any national site.

Plant siting is followed by the design and construction licence; this 
requires a request from the future licensee and an evaluation by the regula-
tory body. Again there are guiding documents for both functions within the 
IAEA Safety Standard Series (IAEA, 2000a). Many countries now with 
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operating nuclear power plants used the so-called ‘reference plant concept’ 
for licensing their fi rst imported units. Under this concept, an imported 
plant had to have the same safety features as a defi ned plant in the country 
of origin of the project that has been previously licensed by the regulatory 
body of the exporting country. This process required the defi nition of a 
reference plant in a site with similar characteristics. This methodology could 
be used today, although it might be expected that the so-called certifi ed 
designs will be built in new entrant countries.

Plant commissioning, operation and dismantling are also part of the 
licensing process (IAEA, 2000b). Again there are guiding documents in the 
IAEA Safety Standards Series. Commissioning is described in Chapter 22 
of this book, operation in Chapter 23 and decommissioning in Chapter 24. 
Moreover, by this time the regulatory body in any entrant country will 
probably have increased its competence and human resources, and would 
also likely be part of the global safety regimen.

1.3.4 The need to justify nuclear power

Recognizing that nuclear power renders benefi ts but also creates radiation 
risks, Principle 4 of the IAEA Fundamental Safety Principles (IAEA, 2006) 
addresses the need for justifying the development of nuclear power and 
related activities by proving that such installations and activities ‘yield an 
overall benefi t’. This requires that all benefi ts coming from the operating 
plant and all signifi cant consequences of such operation must be properly 
appraised. This is not an easy evaluation, and it will be described in Chapter 
8 and Appendix 1 of the book. Chapter 16 develops in particular the social 
impacts of nuclear energy at the national and local levels.

The most valuable example of the justifi cation of nuclear power has been 
provided by the UK Nuclear Industry Association (NIA) in its justifi cation 
request for the four nuclear power designs which will possibly be built in 
that country: the Areva NP EPR, the Westinghouse Electric Company 
AP-1000, the General Electric/Hitachi ESBWR and the Atomic Energy of 
Canada Ltd Advanced CANDU ACR-1000. This request has been formu-
lated in accordance with the justifi cation regulations in the UK, the only 
country so far that has developed such regulations (NIA, 2008). At the time 
of writing the EPR and the AP-1000 designs have been justifi ed, meaning 
that such designs could be built in any licensed site without the need for 
further stakeholder intervention at the national level.

Although the concept is normally applied in the use of radiation in 
medical practices, the application to nuclear power plants and related activi-
ties in an absolute way has been rendered diffi cult, although possible, as the 
UK example proves. Extensive literature has been published on comparing 
the relative benefi ts and risks between the different sources of electricity. 

�� �� �� �� ��



 Overview of infrastructure and methodologies of NPPs 31

© Woodhead Publishing Limited, 2012

NEA has analysed the risks and benefi ts of nuclear power within the concept 
of sustainable development (NEA, 2007). There are also regulations in many 
countries requiring the analysis of environmental impacts for large construc-
tion projects, including nuclear power plants. Although they are not called 
justifi cation exercises, many of these studies also contemplate social and 
economic impacts in an absolute way and by comparison with other solu-
tions. All these efforts serve to develop tools and procedures for the justifi ca-
tion report. This subject will be discussed in Chapter 8 of this book.

1.4 Conclusion

The growing optimism concerning nuclear energy which started to increase 
slowly with the twenty-fi rst century has prompted many new countries to 
consider nuclear energy for their growing electricity demand; similarly 
countries with operating nuclear plants that had long postponed the con-
struction of new plants became interested in building new units. Electrical 
companies, potential reactor suppliers, nuclear equipment manufacturers 
and architectural and engineering companies started to develop their 
capacities for a rather large new development of nuclear energy. International 
organizations provided positive outlooks into the future development of 
nuclear power, and high- and vocational-level educational institutions 
started to offer new nuclear education curricula. A sense of nuclear renais-
sance was growing around the world.

To cope with this new situation, in 2007 the IAEA developed considera-
tions to launch a nuclear power programme, well considered by the Board 
of Governors, which initiated a large programme of assistance to interested 
Member States, the publication of documents on the needed national infra-
structure for nuclear power, the celebration of workshops and international 
conferences and the development of large education programmes and 
teaching materials. At the same time, the IAEA continued the develop-
ment of its Safety Standards Series and produced a consolidated set of 
Fundamental Safety Principles. INSAG also considered the safety needs 
for a nuclear renaissance which were refl ected in its recent publications.

It was within this background that the need for this book was conceived. 
It was felt necessary to inform decision makers about the economic, indus-
trial and educational infrastructure which is needed to support and main-
tain a reliable and safe nuclear industry; to transmit to governmental and 
private institutions and their employees the legal and technical require-
ments for a healthy and well-laid-out nuclear programme; and to inform 
society and members of the public that nuclear power is being developed 
within a worldwide net of administrative and physical barriers which 
prevent accidents with radiological effects and mitigate their consequences 
in case they occur, and that the operation of nuclear power plants does not 
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cause unacceptable impacts on the health and safety of people and the 
environment.

To accomplish these desires, it was found convenient to base the book on 
the justifi cation of nuclear power, as defi ned in Principle 4 of the IAEA 
Fundamental Safety Principles. This principle requires that, to be accepta-
ble, nuclear power produces more benefi ts than detriments. In this fi rst 
chapter it is concluded that the basic infrastructure needed to justify nuclear 
development and the elements to be used in any justifi cation exercise are 
known and available. Details are found in the other chapters.
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