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Preface 

Three recent international, political developments 
have contributed considerably to a revived interest 
in renewable energy technologies: the U N Confer-
ence on Environment and Development , the adop-
tion of Agenda 21 , and the formulation of the U N 
Framework Convention on Climate Change. This 
new interest in renewable energy focuses particular-
ly on questions of implementation and on trying to 
understand why so little has happened on a global 
scale, despite the general interest and despite several 
local success stories, both in industrialized and in 
developing countries. 

Seen in the context of long-term environmental 
sustainability, the importance of renewable energy 
can scarcely be underest imated. 60% of greenhouse 
warming is estimated to arise from energy-
conversion activities, primarily those associated with 
the combustion of fossil fuels. In this context, there 
is a premium on non-fossil sources of energy, and in 
particular on the renewable energy technologies. 

These technologies have come a long way in the 
last decade, and in some cases are economically 
competitive with traditional fossil fuel supplies. 
Nevertheless, implementat ion has been slow, and 
numerous obstacles appear to stand in the way of a 
more widespread application of these diverse tech-
nologies. 

In recognition of the importance of the renew-
ables and their potential contribution to an environ-

mentally sustainable energy system, the Stockholm 
Environment Institute (SEI) has initiated a number 
of activities aimed at disseminating technical and 
economic knowledge about renewable energy tech-
nologies. In the course of these activities, several 
previous SEI publications have covered, in particu-
lar, the technical aspects of renewable energy tech-
nologies. 

As pointed out above, it seems clear that imple-
mentat ion is now the key issue, and this is the focus 
for the papers in this volume. They were originally 
commissioned by the journal Energy Policy for a 
series on renewable energy appearing between Janu-
ary 1991 to September 1992. In view of the fast-
changing demands on conventional energy supply to 
meet environmental imperatives, it seemed timely to 
reproduce here a selection of those papers with a 
new introduction and a revised concluding chapter 
by the Editor of the series, Dr Tim Jackson, a 
research fellow with SEI. It is our hope that this 
collection will complement the burgeoning technical 
l i terature, in providing a deeper understanding of 
the question of implementat ion, and in so doing, 
contribute an added impetus to realising the con-
siderable potential which renewable energy has to 
offer. 

Lars Kristoferson 
Stockholm, June 1993 
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Editor's Introduction 

As the twentieth century moves towards a close, the 
problem of providing an adequate , secure, and 
environmentally acceptable supply of energy for the 
needs of a fast developing world is amongst the most 
pressing of those facing human societies. While 
there is clearly scope for reducing energy demand -
particularly through improved enduse efficiency

1
 -

especially in the so-called 'developed' societies, 
there will be a continued demand for high quality 
energy supply, particularly as poorer nations pursue 
their own development paths. In this context, there 
has been a renewed interest over the past few years 
in renewable energy technologies: technologies 
which convert ambient flows of energy through the 
environment into usable sources of end-use energy 
for the consumer. 

Over the past decade, many of the renewable 
energy technologies - wind, solar and biomass tech-
nologies in particular - have passed through several 
generations of development , and are now in a posi-
tion to contribute economically to global energy 
supply. Nevertheless, only a limited amount of new, 
renewable energy has actually been brought into 
commission, and it has become apparent , that a 
number of obstacles and impediments remain in the 
way of a wider implementat ion. 

The purpose of this volume of papers is to address 
the question of implementat ion in detail, to examine 
the individual technologies from the point of view of 
realisable potential , and to pay particular attention 
to the economic, institutional and policy aspects of 
renewable energy. In the course of making this 
investigation, considerable information on technical 
aspects is also provided, and a number of case 
studies are presented which illustrate both technical 
and institutional aspects. But the primary aim of the 
book is to ask the questions: what is the realistic 
potential for renewable energy, what obstacles or 
impediments stand in the way of a greater realisation 
of that potential , and how may those obstacles be 
overcome? 

The changing context 

Renewable energy was once the basis for the exist-
ence of human societies. Times change. In the late 
20th century barely 20% of world energy demand is 
met by sources classified as renewable .

2
 Instead, 

human civilisation has developed, and become in-

creasingly reliant on, a global energy supply infras-
tructure based on large-scale extraction, distribution 
and consumption of fossil fuels. 

In geological terms, the scale and speed of this 
revolution has been staggering. Associated with it 
are increases in resource use, industrial production, 
chemicals manufacture , technological sophistica-
tion, standards of living, institutional complexity and 
populat ion, which are equally startling. The increase 
in material throughput resulting from massive con-
sumption of fossil fuels has presented environmental 
hazards on an unprecedented scale to threaten the 
civilisation dependent upon it. 

Escaping such threats - amongst which we can 
count the potentially catastrophic global impacts of 
global warming, the regional degradation caused by 
acid emissions, and the local environmental impacts 
of toxic contamination from a wide range of subst-
ances - depends crucially on our ability to develop 
an economic system which is materially closed, apart 
from the sustainable use of renewable resources .

3
 A 

significant part of the burden of this exercise will 
inevitably fall on our energy use and supply infras-
tructures. 

To take only the two most obvious examples, 
energy-related activities are estimated to contribute 
at least 60% to the global warming of the atmos-
phere , and almost all of the problem of acid rain. 
More generally, the need to reduce the wide-spread 
dispersal of toxic and hazardous substances through-
out the environment also has energy implications, in 
terms of the closure of material cycles and the 
substitution for toxic materials usage. 

The historical development of society as an energy 
and materials intensive system does not in principle 
preclude later efficiency improvements which will 
reduce that intensity. Indeed, the movement in 
ecological systems generally (of which the human 
system can be regarded as some kind of special case) 
tends to be towards improved material c losure.

4 

Nevertheless, there are some strict physical limita-
tions to improvements in efficiency of u se .

5
 Beyond 

such limits, there will always be a need for energy 
supply measures to meet the demands of a world 
whose complexity is almost unimaginably greater 
than the world in which a renewable energy supply 
structure previously held sway. 

This then is the historical context in which the 
latter-day, 'modernized ' renewable energy technolo-
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Editor's Introduction 

for research and development of renewable energy 
and for investment in renewable technologies, in-
dicating that governments were more prepared than 
they had previously been to pay serious attention to 
non-fossil fuelled energy options. But none of these 
efforts seriously undermined the supremacy of fossil 
fuels as the basis of world energy supply in the 
twentieth century, so that the economic markets 
were able to countenance an oil price collapse in 
1986 which reflected nothing of the vulnerability of 
international security to resource needs, nor indeed 
of the mounting environmental concern over the 
increasing use of conventional energy supplies. 

In 1989, the World Commission on Environment 
and Development highlighted four particular en-
vironmental risks of a high energy future based on 
conventional fuels: 

• the 'serious probability' of climate change as a 
result of the build-up of atmospheric greenhouse 
gases from the combustion of fossil fuels 

• urban-industrial air pollution from the combus-
tion of fossil fuels 

• acidification of the environment from the same 
causes and 

• the risks associated with operating nuclear power 
reactors and the problems of radioactive waste 
disposal. 

The Commission concluded that 'every effort should 
be made to develop the potential for renewable 
energy, which should form the foundation of the 
global energy structure during the 21st Century. A 
much more concerted effort must be mounted if this 
potential is to be realised. ' 

Four years later, in January 1991 the United 
Nations sanctioned military intervention against Iraq 
over its annexation of Kuwait, one of the richest 
oil-producing nations in the Middle East . During the 
period of uncertainty which preceded the Gulf War , 
oil prices rose from a pre-crisis level of $15/bbl to 
reach $40/bbl at one point, the highest level since the 
1986 price col lapse.

7
 Estimates of the costs of the 

war might have added well over $60/bbl to this price 
according to s o m e

8
 - but these are 'shadow' costs 

which are not of course borne by oil consumers or oil 
producers but by the tax payer 's contribution to 
defence. 

Whether or not such strategic investment has been 
worthwhile in the case of the Gulf War probably 
depends on perspective. Significantly for short-term 
decision-making, oil prices returned to less than 
$20/bbl on the 'successful' conclusion of the Gulf 
war, and certain of the oil-producing nations - Saudi 
Arabia in particular - increased both their output 
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gies are contending. From one perspective, it is not 
so much that contributions of renewable energy to 
the human economy have decreased. On the con-
trary, absolute contributions have actually increased 
within many countries. Rather , it is that the availa-
bility of fossil fuel energy has led to a huge increase 
in the energy intensity of civilisation over the last 
two centuries. The renewable energy conversion 
technologies (such as water and wind power) which 
were widely used only a century ago, were largely 
abandoned because their low power capture and 
relative inefficiency rendered them obsolete in the 
face of this increased energy intensity, and the vastly 
greater flexibility, mobility and availability of fossil 
fuels. 

Generally speaking both the power capture and 
the conversion efficiencies of the modern renewable 
technologies are considerably higher than those of 
their ancestors. Were this not the case, it would 
scarcely be worth contemplating significant con-
tributions from them, without substantial changes in 
the entire infrastructure of society. 

Nevertheless, we should be under no illusions 
about the demands that are being made on the 
returning renewable option. The world renewable 
energy left behind almost two centuries ago is 
changed beyond all recognition. The physical de-
mands placed on the newer conversion technologies 
are therefore considerable. Equally importantly 
perhaps, these technologies will have to compete in 
a world which has been transformed as much by the 
institutions and politics of conventional energy supp-
ly as by the technological sophistication of the 
society to which it has given rise. 

From the point at which humankind began to rely 
on fossil fuels, the balance of political and economic 
power in the world has been determined, at least in 
part , by the extent to which different nations did or 
did not have access to or control over fossil fuel 
reserves. During the latter period of the twentieth 
century the ramifications of this infrastructure for 
the supply of energy have delivered several stinging 
messages to the political world. Major indications of 
the geopolitical implications of energy infrastructure 
were provided by the oil price shocks of 1973/4 and 
1979. The world recovered from these initial shocks, 
and even made some efforts to cushion the blow of 
future impacts. 

Between 1970 and 1987, for example, the average 
energy intensity of the gross domestic product 
(GDP) in O E C D countries fell by 2 3 % , and the oil 
intensity by 3 5 % .

6
 Various national initiatives - for 

instance the energy programme of the Carter admi-
nistration in the US provided direct incentives both 



and their production capacity in its w a k e .
9
 The real 

'price' of strategic military intervention in the Gulf 
may rather be in human terms, in environmental 
terms and in terms of long-term international stability. 

Perhaps it was the light of this experience which 
led in part to the adoption of Principle 25 of the Rio 
Declaration at the United Nations Conference on 
Environment and Development ( U N C E D ) in June 
1992. This Principle recognises explicitly that 'peace, 
development and environmental protection are in-
terdependent and indivisible', an almost unpre-
c e d e n t e d i n t e r n a t i o n a l r ecogn i t i on of a new 
approach to strategic and environmental security. 
Despite this recognition, the U N C E D process did 
not escape the political ramifications of the interna-
tional energy supply infrastructure. 

This was illustrated most clearly by the delibera-
tions surrounding Chapter 9 (on Protection of the 
Atmosphere) of Agenda 21 - the conference's 
voluminous blueprint for sustainable development in 
the 21st Century. Following in the footsteps of the 
W C E D repor t , and mot iva ted in par t by the 
emerging United Nations Framework Convention 
on Climate Change, the draft version of Chapter 9 
prepared by the Preparatory Commit tee in New 
York in April 1992 contained no less than 15 refer-
ences to new and renewable sources of energy in as 
many pages of text. The draft document called on 
countries, for example, ' to increase the contribution 
of environmentally [safe and] sound energy systems 
to the energy supply and consumption mix, [in 
particular]/[including] through the promotion, dis-
tribution and development of renewable sources of 
energy' . 

The multiplicity of references to renewable energy 
in the draft document persuaded a number of oil-
producing nations to insist that the entire chapter 
was presented in b r a c k e t s

1 0
 to the June summit. By 

the time it was finally adopted, the passage quoted in 
draft above had been somewhat weakened, calling 
for policies or programmes ' to increase the contribu-
tion of environmentally sound and cost-effective 
energy systems, part icularly renewable o n e s . '

1 1 

Nevertheless, nine of those fifteen references to 
renewable energy remained in the final version of 
Chapter 9, despite continued at tempts by the oil-
producing nations to have them removed. Saudi 
Arabia , in particular, formally placed on record its 
reservations to the chapter in the final Plenary 
Session of 14th J u n e .

1 2 

The question of potential 

In a perverse sense, such deliberations suggest that 
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renewable energy technologies represent a real 
threat to conventional energy supply. And yet the 
evidence from existing contributions from renewable 
energy begs the question: is this really likely? 

A great deal of attention is paid, at an increasingly 
international level, to renewable energy - particular-
ly in the face of the environmental impacts of 
conventional sources of energy. But is it not the 
truth that very little is actually happening? Whatever 
might be the declarations of non-binding interna-
t ional ag reemen t s , wha tever the intent of the 
Brundtland Commission, whatever the scientific and 
technical consensus on the preferability of renew-
able energy technologies over fossil fuel technolo-
gies, or the efforts of individual nations to increase 
the contribution of energy supply from renewables 
by a few percentage points, the truth is that the 
present contribution from genuinely new, renewable 
sources such as wind power, solar power, wave 
power, small-scale hydro, tidal power, geothermal, 
or modernised biomass and biofuel technologies is 
miniscule in comparison to world energy demand. 

Severa l na t iona l g o v e r n m e n t s have adop ted 
targets for implementation of renewable energy 
technologies. The Dutch government , for example, 
has had since 1986 a t a r g e t

1 3
 to meet 10% of 

electricity demand through renewables by the year 
2000. But progress towards such targets has been 
slow. President Carter 's target of 20% by the year 
2000 for renewables in the U S , fell heavily under the 
impact of subsequent Republican governments and 
the shorter- term, market-dominated policies of the 
1980s. Towards the end of that decade government 
projections estimated only a 9 .5% contribution from 
renewables by 2000 compared with around 8% at the 
m o m e n t .

1 4 

Still the optimistic note continues to be sounded. 
In May 1992, the European Commission presented 
its p roposa l s

1 5
 for a Council Decision concerning the 

promotion of renewable energy sources in the Euro-
pean Community (EC) , calling for a trebling of the 
percentage contribution of renewables to electricity 
supply and a doubling of the contribution to energy 
supply in the E C by the year 2005. In the same year, 
the House of Commons Energy Commit tee in the 
U K declared itself 'much more confident about the 
prospects for use of renewable energy' than it had 
been in a report published less than three years 
previously ,

1 6
 and this confidence was reflected in a 

recently published report from the Renewable Ener-
gy Advisory G r o u p

1 7
 which proposed significantly 

higher targets for implementat ion than had pre-
viously been accepted by the government. In the 
U S , a group of non-governmental lobby organisa-
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to stand on its own two feet. 
There is a clutch of broadly aquatic technologies 

(hydro power, tidal power, wave power) which 
possess perhaps a certain family likeness amongst 
the heterogeneous renewables . Nevertheless , as 
Falnes and L0vseth point out (Chapter 5) , there are 
a number of different technological designs even 
with the field of wave energy. Sims (Chapter 6) 
argues the case for hydroelectric power. He high-
lights the shared resource problem of developing 
both water resources and the land required for 
damming large reservoirs. Both of these papers 
point out the characteristics of renewable energy 
projects as long-life, capital intensive investments 
and call for appropriate economic frameworks in 
which to account for the long-term benefits associ-
ated with them. Many of these themes are echoed in 
Baker 's assessment of the tidal power option (Chap-
ter 7). 

Geothermal energy is a kind of 'honorary ' renew-
able sharing most in common with other renewables 
in that it is different again from all of them. DiPippo 
(Chapter 8) enlightens us on the technological com-
plexi ty , h ighl ight ing the complexi ty and site-
specificity of economic feasibility assessments by 
comparison with conventional sources. 

If there has been any technological omission from 
this series of papers it is perhaps the absence of 
detailed consideration of geothermal hot dry rock 
( H D R ) technology and energy from waste, both of 
which, whilst not strictly renewable, have generally 
been counted amongst the renewable technologies. 
So far as H D R is concerned, Grubb (Chapter 1) for 
instance argues that it may be one of three infant ' 
renewable energy technologies which tap a very 
large global resource base. At the same t ime, the 
technology is probably less assured than almost any 
other renewable energy technology, and the econo-
mics seem precarious at the moment . Nevertheless, 
the interested reader can certainly find a number of 
sources which will provide specific information, 
some of them referenced in Grubb ' s paper . 

The omission of the energy from waste incinera-
tion option may be seen as more serious by some 
committed enthusiasts. Derivation of energy from 
incinerated waste is certainly better than incinerat-
ing waste with no energy recovery, and potentially 
more benign than landfill. On the other hand, it can 
certainly be argued that energy from waste is not 
really renewable because it does not utilise truly 
ambient energy flows, but rather energy flows which 
are contingent on particular materials consumptions 
pat terns by society. In addition, energy from waste 
does not share the same potential environmental 
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tions published an influential technical study indicat-
ing the potential for renewable energy to meet over 
half of a drastically reduced energy demand by the 
year 2030 .

1 8 

What is to be made of these contradictory claims? 
Does renewable energy really offer the potential its 
protagonists claim for it: significantly to displace 
conventional fuel supplies in the future energy mix, 
and thereby reduce significantly the environmental 
burden of human energy consumption? If it does 
offer such potential , then why is development taking 
place so slowly? Is it possible to speed up that 
development? Is it at all feasible to realise the 
Brundtland Commission's ambitious claim that re-
newables should be the 'foundation' for energy 
supply in the 21st Century? 

These were the questions set out to be addressed 
in a series of articles published in the journal Energy 
Policy during 1991 and 1992. This volume has col-
lected around twenty papers from that se r i es

1 9
 to 

provide a detailed at tempt to answer the questions 
posed above. 

Summary of contents 

The early papers in this volume (Part I) cover the 
individual renewable energy technology types from a 
broad perspect ive, addressing the technological 
aspects of improved power capture and conversion 
efficiency, but also providing a broad overview of 
costs, environmental aspects, and institutional fac-
tors for each technology category. 

Grubb (Chapter 1) provides a broad overview of 
renewable technologies, illustrating some of the 
particular difficulties associated with implementa-
tion by reference to wind energy in the UK. Hall 
(Chapter 2) plays the guide for a trek through the 
variegated terrain of biomass energy. The diversity 
of sources, of conversion technologies, and of end-
uses provides a startling illustration that renewable 
energy is a far less homogeneous group of technolo-
gies, than those associated with fossil fuel conver-
sion. 

This impression is reinforced in the chapters which 
follow. Kühne and Aulich (Chapter 3) make a care-
ful assessment of the technical and economic para-
meters of various solar conversion technologies. 
They discuss recent cost reductions for photovoltaic 
cells, and also address the economics of storage. 
Gipe (Chapter 4) presents the twin colours of wind 
energy: the experiences of more than a decade of 
development in Denmark and California. It was in 
these countries that modernized wind energy tech-
nology climbed hesitantly out of infancy and learned 



advantages of other renewable technologies, once 
emissions of a wide range of toxic substances to 
which a large-scale waste incineration programme 
might commit us are taken into account. Fur ther , 
the development of a potentially hazardous technol-
ogy with an appreciable economic ine r t i a

2 0
 operates 

as a disincentive to recycle wastes, or simply to 
reduce them at the source. This latter point is 
explicitly recognised, for instance by the House of 
Commons Energy Commit tee in the U K , who sug-
gest that the 'harmful environmental impact of large-
scale waste burning is potentially the greatest of any 
of the renewables ' and recommend that 'considera-
tion be given to the introduction of environmental 
regulations and emission limits which will enable 
waste incineration and recycling options to be more 
realistically c o m p a r e d ' .

2 1
 Never the less , the in-

terested reader will-be able to find a number of 
publications which deal more sympathetically with 
energy from waste than I have done here . 

Part II of this collection examines questions of 
feasibility and system integration. Mortimer (Chap-
ter 9) discusses the 'energy analysis' of renewable 
energy technologies. Energy analysis is a safety net 
for feasibility. It would be unfortunate to promote 
technologies which consumed more (fossil) energy 
than they produced, by virtue of high energy re-
quirements in construction. This chapter provides a 
summary of data on the 'net energy requirements ' of 
a broad range of renewable energy technologies, but 
also discusses the limitations of this data, and the 
need for updated studies. Grubb (Chapter 10) pro-
vides a careful analysis of the integration of renew-
able energy technologies into existing electricity 
supply systems, disputing the argument that electric-
ity storage is necessary before ' intermittent ' renew-
ables can make a large contribution. Winter (Chap-
ter 11) continues the themes of feasibility and 
integration, discussing in particular the long-term 
need for hydrogen storage as a means to a truly 
renewable energy supply system. 

Renewables and development is the theme of Part 
III of the book. Hall, Rosillo-Calle and de Groot 
(Chapter 12) report some extensive research in the 
implementation of renewables in developing coun-
tries. Rady (Chapter 13) proposes principles for the 
implementation of renewables in developing coun-
tries, Palmer (Chapter 14) contributes a salutary tale 
from Bangladesh, and Foley (Chapter 15) warns 
against technological imperialism in the design of 
development assistance programmes. 

The final part of the book is dedicated to policy 
aspect and the development of strategies for imple-
mentation of renewable energy technologies. Flavin 
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and Lenssen (Chapter 16) present a comprehensive 
overview of different policy options for im-
plementing renewable energy in the context of an 
energy efficient society. One almost unanimous call 
from the contributors to this series has been for the 
internalization of the environmental costs of energy 
supply. In Hohmeyer 's contribution (Chapter 17), 
this call is made explicit through an incorporation of 
estimated environmental costs into the costs of elec-
tricity supply options. Elliott (Chapter 18) examines 
the particular case of renewable energy development 
in the U K , under the impact of the recent privatisa-
tion of the electricity supply industry. Grubb (Chap-
ter 19) discusses the policy and political aspects of 
renewable energy technologies, highlighting in par-
ticular the research and development needs, and the 
mechanisms available to address what he calls a 
'failure of vision' in implementing renewable energy. 

What is immediately striking from a closer ex-
amination of the various aspects of renewable ener-
gy is the often stark contrast between different 
technologies. The technology involved in small and 
large scale-hydro power bears a reasonably close 
relation to the technology of tidal barrages, and even 
to some of the manifestations of the chameleon wave 
energy. But these technologies are in a group apart 
from wind turbines, with its terminology of hub 
heights, blade fatigue, and wake interactions. And 
what common ground can there be between any of 
these technologies and the silicon cell technology of 
photovoltaics? 

Amongst conventional technologies, the para-
meters of the energy supply problem are relatively 
clear, well-defined, and almost transferable between 
fuel types. Experts possess more or less the same 
educational background, can be trained in more or 
less the same technical and management courses, 
and are more or less transferable between different 
companies and different fuel types. The accumu-
lated body of expertise of the individuals bolsters the 
level of technical proficiency of the whole. Take a 
group of delegates from the major energy supply 
companies, and put them in a room together. From 
steam turbine technology to fossil fuel pricing 
mechanisms, they would speak more or less the 
same language. Perhaps more importantly, the voice 
of the fossil fuel lobby, when it sounds in the 
corridors of power, is usually heard, if not exactly in 
harmony, then at least more or less in unison. 

Amongst the renewables, life is considerably more 
variegated. Even the language is different. There is 
no common training ground for engineers or techni-
cians, no universal terminology, no real transferabil-
ity of knowledge. The thermodynamic, institutional, 
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clearly address the important question of the overall potential for 
implementation of renewable energy. 
2 0

This inertia will be exacerbated as landfill becomes scarcer, and 
gate fees increase. 
21
Op cit, Ref 16, ρ xxxi. 

2 2
In Chapters 1 and 19 Grubb describes the renewables as the 

'Cinderella options'. 

1 2 

environmental , economic, social and institutional 

complexity and variability of the renewable energy 

conversion technologies are immediately obvious 

from any close examination of the different tech-

nologies. 

Despite this complexity and variability, the later 

stages of the book indicate many common themes 

amongst these 'Cinderella ' technologies .
22
 Several 

distinctly similar phrases are heard in most of the 

renewables languages. Concerns about land-use, 

capital intensiveness, the unfavourability of financ-

ing structures and regulatory frameworks, and the 

intensely site-specific nature of costs and economic 

feasibility are pretty much common parlance, and 

these themes all turn out to be critical when it comes 

to the development of strategies for implementation 

of the technologies, discussed in the later parts of the 

book. 

My concluding paper (Chapter 20) is designed to 

bring the analysis in the preceding parts of the book 

together. In particular, it addresses the all-important 

question of the potential for renewable energy, 

makes some assessment of the economics, and asses-

ses the environmental impacts. Perhaps most impor-

tantly however, it discusses the institutional implica-

tions which are brought to light by the preceding 

chapters. In short, it sets out to answer the question 

which the papers collected in this book were de-

signed to ask: do renewable energy technologies 

offer a realistic prospect of clean, long-term energy 

security for the 21st century, and if they do , how 

may that potential be realised? 

Tim Jackson 

London, June 1993 
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Part I: Renewable Energy Technologies 

Chapter 1 

The Cinderella options 
A study of modernized renewable energy technologies 
Part 1 - A technical assessment 

MJ. Grubb 

This paper examines the status of and prospects 
for renewable energy technologies. Wind energy 
is taken as an example of the negative myths 
which impede renewable energy developments. 
The paper then emphasises the great diversity in 
renewables: different technologies are at very 
different stages of development, and are suited to 
different countries, locations and applications. 
Further technology development is very impor-
tant, but nevertheless it is argued that the pros-
pects for obtaining large-scale renewable sup-
plies are good, especially in the industrialised 
countries. Sufficient evidence exists for renew-
ables to be taken much more seriously in energy 
scenarios and policy developments. 

Keywords: Renewable energy; Energy policy process; Supply 

Renewable energy is an enigma. Everyone is in 
favour of it, but few take it seriously. Most agree 
that renewable energy research deserves more 
money, but the funding remains small compared 
with much more speculative technologies such as 
nuclear fusion. Renewable energy is praised for its 
envi ronmenta l advantages , whilst environmental 
objections are raised increasingly as the major con-
straint. 

There are two main atti tudes towards the pros-

Dr Michael Grubb is director of Energy and Environment 
Programme of the Royal Institute of International Affairs, 
10 St James's Square, London SW1Y 4LE, UK, and is UK 
representative on the Renewable Energy Committee of 
the World Energy Council. 

pects for and importance of non-hydro renewable 
energy. O n e , widely expressed throughout the en-
vironmental community, is that in the long run 
renewable energy will save us all from the unsustain-
able consequences of relying upon fossil fuels and 
nuclear power. The Brundt land Commission echoed 
this in stating that renewable energy 'should form 
the foundation of the global energy structure during 
the 21st Cen tury ' .

1 

The other common att i tude is that in the short to 
medium time horizon relevant to the real world of 
industrial and political policy formation and invest-
ment , non-hydro renewable sources are essentially 
irrelevant: that for the foreseeable future their con-
tribution will remain marginal. This attitude is re-
flected in the levels of research, development and 
demonstrat ion ( R D & D ) funding, with expenditure 
on the best supported of renewable technologies 
being a small fraction of direct government expendi-
ture on fossil and nuclear sources (see Figure 1) and 
an even smaller component of total public support 
(see Figure 2 ) .

2
 It is apparent in the institutional 

balance, with the major international institutions 
devoted to nuclear power having no counterparts for 
renewable energy .

3
 It is evident in the absence of 

renewable energy from general energy policy de-
velopment - to take but two examples, the E C 
documents discussing the projected internal energy 
m a r k e t ,

4
 and the original draft proposals for electric-

ity privatization in the U K .
5
 Above all, it is demon-

strated by mainstream energy forecasts, which in 
almost every O E C D country project non-hydro re-
newable energy contributions still at a few per cent 
of supply decades into the next century. 

Taken together , these two attitudes suggest that 
one day the world must run on renewable energy, 
but that the timescale on which it will even begin to 

1 5 
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C o n v e n t i o n a l 

n u c l e a r 

N u c l e a r 

b r e e d e r 

C o n s e r v a t i o n 

G e o t h e r m a l 

B i o m a s s 

W i n d 

S o l a r t h e r m a l 

S o l a r p h o t o v o l t a i c s 

S o l a r h e a t i n g 

E l e c t r i c i t y a n d o t h e r s 

N u c l e a r f u s i o n 

Figure 1. Total IE A direct government RD&D expenditure (1988 US$m). 

make a significant contribution is not foreseeable. 
This is unfortunate. It is also wrong. 

Currently, renewable energy sources probably 
account for somewhat over 20% of primary world 
energy supplies ( input equivalents) , this being 
dominated by biomass ( 1 4 % )

6
 and hydro ( 6 . 7 % ) .

7 

The contributions from passive solar drying and 
heating are significant but these are generally consi-

dered as incidental gains. Active solar water heating 
is very important in some countries in displacing 
commercial fuels,

8
 and photovoltaics and wind make 

significant contributions in special markets , eg for 
communications and pumping. For none of these 
applications are useful statistics available. 

Biomass use is dominated by non-commercial 
fuels for open-hearth combustion, especially in de-

1 9 8 5 - 8 6 £ m 

O i l a n d g a s 

C o n v e n t i o n a l 

n u c l e a r 

N u c l e a r b r e e d e r 

Figure 2. Total UK public sector expenditure on energy RD&D (1985-86 
£m). 

Hatched areas = spending by nationalized industry 
Remainder = direct government expenditure 
Others: wave, geothermal aquifer, solar, biomass, tide, hydro/general, 
ETSU services. 
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I n f r a r e d r a d i a t i o n 

t o s p a c e 

S o l a r r a d i a t i o n 
a n d h e a t i n g 
O c e a n t h e r m a l 
e n e r g y 

I—I H y d r o p o w e r 

W i n d a n d w a v e 

c o n v e r s i o n 

B i o f u e l s 

C e o t h e r m a l 

i n s t a l l a t i o n s 

T i d a l p o w e r 

Figure 3. Global renewable energy flows (units TW 10
1 2
W; commercial 

energy consumption = 10.5 TW). 
Source: Twidell and Weir, op cit, Ref 9; (data for photosynthesis amended from ref 11). 

veloping countries, a use which cannot expand much 
further. Large-scale hydro is an established form of 
centralized power product ion, with probably limited 
scope for further developments in industrial coun-
tries because of environmental constraints. This 
paper concentrates upon the prospects for commer-
cial non-hydro renewable sources using modern 
technologies, from which contributions are currently 
very small. 

Despite this, it is argued that non-hydro renew-
able energy technologies can no longer be relegated 
to the backwaters of the industrial and policy pro-
cess: a number are already sufficiently developed 
and commercially attractive, or soon will be , and 
their impact could be swift and substantial. Yet the 
oppos i t e e x t r e m e does not hold e i ther : non-
renewable energy will remain important throughout 
the next century, and at tempts to promote visions of 
a world run entirely on renewables are misguided 
and ultimately damaging. 

The paper is divided into two parts . Part 1 assesses 
the technical p rospec t s for r enewable energy , 
based on resource constraints, known technology 
and reasonable technological expectat ions, with 
minimal attention to its current market situation 
and majority expectations. Part 2 (Chapter 19 in 
this volume) then considers the current situation, 
analyses the reasons for various atti tudes towards 
renewable energy sources, and outlines a number 
of policy issues. The paper concludes that a revolu-
tion of attitudes towards renewable energy in the 

policy communities of industrial countries is required 
and is indeed inevitable in t ime. The speed and 
impact of the transition will depend largely upon 
policies adopted over the next decade. The after-
math of the process will not be a panacea for all 
our energy ills, but a situation in which the large 
economic potential for renewable energy sources 
is accepted, with recognition of both benefits and 
drawbacks: a situation, in other words, in which 
they are t reated on a par with conventional sources 
as a central componen t of broadly sustainable 
energy economies. 

The renewable resource base 

Renewable energy flows are illustrated in Figure 3 .
9 

The rate of solar input is nearly 20 000 times human 
energy consumption. Of this, 30% is immediately 
reflected and nearly half is converted directly to heat 
and re-radiated as infra-red radiation. The great 
majority of the rest is taken up in the hydrological 
cycle, and the tiny fraction of this which falls as rain 
or snow over high ground and can be captured in run-
off forms the hydro resource, estimated at 10-30% 
of current world energy u s e .

1 0
 The atmospheric heat 

gradients drive the winds, which dissipate power at 
about 40 times the rate of human energy consump-
tion; the amount converted to waves is roughly equal 
to human consumption. Finally, some 3 500 EJ/year 
- some nine times human consumption - is absorbed 
in photosynthesis every y e a r .

1 1
 To this list, in prin-
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Wind energy in the UK 
Λ case study 

The country chosen is the U K , which illustrates a 
number of issues clearly. U K resources of the most 
familiar forms of renewable energy, namely hydro, 
geothermal aquifers, and solar, are relatively poor . 
A reasonable level of data on the less familiar forms 
is now available, due largely to efforts of the Depar t -
ment of Energy's Energy Technology Support Unit 
(ETSU) . However , renewable energy has never 
featured significantly in the Depar tment ' s main-
stream discussion or projections. It is thus especially 
interesting to see how Br i t a in

1 5
 fares on a close 

analysis of the potential for renewable sources. 

The technology chosen for detailed consideration 
is wind energy. This is a prime example of a renew-
able technology which most people have found 
difficult to take seriously, because the wind appears 
to be such a feeble and variable resource. Nearly all 
studies during the 1970s concluded that wind could 
not be a large-scale source of economic power, and 
the Depar tment of Energy ranked wind energy as 
one of the least promising of renewable energy 
technologies. Hoyle claimed that to meet Britain's 
electricity needs, windmills 'would have to cover 
more than half the area of all England ' , and '. . . the 
number of serious accidents would probably run into 
hundreds of thousands each y e a r ' .

1 6 

For many people , wind energy retains the image 
of a primitive, mediaeval technology not fit for the 
modern age. And yet, the technology has advanced 
very rapidly in the last decade, and there have been 
many favourable assessments. Less than 10 years 
after the above assessments, the Depar tment ' s prog-
ramme managers wrote that ' the Depar tment of 
Energy now regards large scale generation from 
wind energy as a serious o p t i o n ' ,

1 7
 with an estimated 

contribution by 2025 of up to 10% of current 
gene ra t ion .

1 8
 Its potential is still in dispute but the 

change in assessment does seem sufficient to raise 
questions about the assumptions and validity of 
some earlier assessments of renewable energy's 
potential . 

Five main reasons have been advanced in claiming 
that the realistic potential for wind energy is very 
small: 

# it is too costly; 
• the technology is not reliable; 
# the variability of wind energy means that it 

cannot be used as a major source of power 
without storage, which would be very expen-
sive; 

• the resource, after taking into account the 

1 8 

ciple, should be added the very large ocean resources 
arising from heat gradients and ocean streams, the 
osmotic resource arising from the differing salt con-
tent of river and sea water, and the vapour pressure 
resources from the heating of desert air. 

The solar resource represents the maximum 
physical energy available. This is not the case for 
tidal and geothermal ene rgy .

1 2
 Tidal energy schemes 

work by increasing the dissipation of tidal energy at 
shorelines, so the natural rate of dissipation - the 
number in Figure 3 - does not represent the theore-
tical limit. Geothermal energy similarly does not rely 
on the natural heat flow, but generally extracts heat 
which has accumulated over centuries in water 
(aquifers) or hot rocks as a result of tidal friction and 
natural radioactive decay, and extracts it much faster 
than it can be replaced. 

Consequently geothermal energy is not a renew-
able source, although it is usually included as such. It 
is most easily exploited from aquifers, but the re-
source is probably fairly smal l .

1 3
 Pressurized brines, 

at greater depth, present a largely unknown re-
source. The theoretical resource from tapping hot 
rocks or even magmas is essentially infinite - the 
heat contained in the top few kilometres of rock 
worldwide is larger even than world uranium re-
serves exploited with breeder reactors - but only a 
very small portion of this could conceivably be 
tapped. For these, the technical and resource char-
acteristics are too uncertain to allow more meaning-
ful estimates. 

It is clear that , physically, renewable and geoth-
ermal energy resources are more than adequate to 
meet any conceivable human needs. The question is, 
can these resources be tapped in an acceptable 
manner without excessive costs? 

Technologies for tapping renewable energy flows 
which have attracted most interest are listed in Table 
1. The list is by no means comprehensive and each 
broad category can be subdivided into numerous 
detailed technologies .

1 4
 Nevertheless, it serves to 

emphasize that renewable energy technologies cover 
a very diverse range: from ideas still on the drawing 
board to well-developed technologies; from local 
and small scale systems, through intermediate scale 
dispersed and centralized applications, up to the 
large civil engineering projects of hydro and offshore 
developments, and even solar satellites. 

This paper does not at tempt even a cursory review 
of the status and prospects for such a large number 
of distinct technologies. Instead, it focusses initially 
upon one source in one country, and then seeks to 
expand the observations first to incorporate other 
technologies, and then to an international view. 
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Table 1. Main renewable energy categories. 

Resource technology 

Hydro 
Large-scale 

Micro-hydro 

Solar 
Passive heating 

Active heating 

Thermal electric 

Photovoltaic 

Solar ponds 

PV-hydrogen 

Wind 
Pumping 

Onshore turbines 

Offshore turbines 

Biomass 
Agricultural & Forest Residues & surpluses 

Domestic & Industrial Wastes 

Biomass crops 

Direct combustion 
Décomposition/hydrogénation/ 

fermentation etc 

Gasification 

Geothermal 
Aquifiers 

Hot dry rock 

Tidal 
Estuary Dams 

Streams 

Wave 
Shore-based 
Deep water 

Others 
OTEC; Dew point energy; Salt gradients; 

Solar satellites 

Energy product 

Electricity 

Ε 

Heat 

Η 

Ε 

Ε 

Ε 

Fuel 

Mechanical 

Ε 

Η 

F 

F, Ε 

H, Ε 

H, Ε 

Ε 

Ε 

Ε 
Ε 

Status 

Developed, often economic, widely deployed 

Developed, usually economic, not widely deployed 

Developed, usually economic, mixed deployment 

Developed, variable economics & development 

Large centralised test stations: results not favourable 

Smaller modular units: commercially economic in 

favourable circumstances 

Rapidly developing, varied projections 

Demonstrated, not economic at present 

Components proven; economics speculative 

Developed, deployed in remote areas 

Recently developed, still improving, early deployment 
stage 

Some trial stations, varied projections 

Widely used but inefficient 

Various demonstrated, usually not economic at present 

Unproven but promising 

Proven, often economic 

Exploratory schemes, mixed results 

Proven; economics depend heavily on financing 
assumptions 

Speculative 

Test stations, favourable results 
Wide variety of devices; pilots but no prototypes tested 

siting constraints upon wind turbines, is small; 

φ the lack of any commercia l deve lopmen t 

proves the case. 

Let us consider these in turn. 

Myth 1 - wind energy is much too costly 

The 20th century has seen occasional at tempts to 

modernize wind energy technology, but there were 

no concerted efforts until the mid-1970s, when 

several government programmes started to develop 

very large turbines. Much was learned, but most 

projects ran into substantial technical problems and 

high costs; a detailed assessment of two of the 

leading contenders in 1983 concluded that the ener-

gy would cost much more than from conventional 

o p t i o n s .
19 

A second phase of development , from 1982-85, 

was dominated by the creation of a market for small 

and medium sized machines in the U S A , with a 

favourable regulatory regime combined with gener-

ous Federal and State tax incentives which made 

wind energy in some areas - particularly California -

1 9 
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Fur the rmore , when problems do occur most compo-
nents can be quickly replaced. It is much a young 
technology that the long-term reliability is still un-
proven, but even if the entire rotor and primary 
shaft have to be replaced, this can be done at about 
10% of the initial installed cost. Mitsubishi now offer 
a complete 10-year performance guarantee on their 
turbines, a striking contrast to the cost-plus arrange-
ments for most conventional power stations. A far 
cry from its unreliable image, the reliability of wind 
energy could be a strong selling point in commercial 
markets . 

Myth 3 - variable therefore valueless 

Windspeeds fluctuate on all timescales and most 
areas can have many days without winds. This makes 
relying on wind energy for remote applications very 
difficult. However , for sources integrated on to large 
power systems, the spectre of major economic 
penalties arising from variable power sources is 
largely without foundation. Demand on the C E G B 
system fluctuates by 10-15 000 M W every day, and 
few plants are available for more than 80-90% of the 
time: quite why it was ever assumed that the varia-
tion in output of a few thousand megawatts of wind 
energy should cause any problems is something of a 
mystery. In fact, analysts agree that wind energy is 
just as valuable as conventional sources for meeting 
baseload demand when the capacity involved is 
small relative to the s y s t e m ,

2 3
 and preliminary 

C E G B studies a decade ago estimated that the 
system could absorb 'about 2 0 % ' of its energy from 
wind turbines without significant difficulties.

24 

The value declines with increasing penetrat ion 
into power systems, in ways which depend upon the 
characteristics of the system and the geographical 
diversity of the wind energy. An approximate rule-
of-thumb is that , for average conditions on sizeable 
thermal power systems, the marginal value declines 
by about 1% for every 1% of electricity demand 
suppl ied .

2 5
 This crude rule is sufficient to reflect the 

broad conclusion of complex modelling studies that 
economic penalties will become significant if wind 
supplies more than 20% of the total demand, and 
become prohibitive at contributions of 40% or s o .

2 6 

These levels are of course extremely large in com-
parison with anything under contemplation today, 
and in most countries power system constraints are 
unlikely to be a limiting factor. 

Myth 4 - wind energy resources are very small 

This physical potential for wind energy is very large, 

because energy extracted by wind turbines is rapidly 

replaced from the upper a tmosphere . In E u r o p e , 

2 0 

an attractive private investment even at the then 
high costs. Installation rates in California rose from 
10 MW/year in 1981 to 400 MW/year in 1984, with a 
cumulative investment by 1986 of about $2 000 
million. In this brief period the mean size of com-
mercial units doubled, performance improved dra-
matically, and costs fell sharply, mostly as a result of 
applying advanced materials and control systems 
and a better understanding of wind turbine dynamics 
and stresses. 

The fall in oil prices and removal of tax credits 
then greatly tightened the market at a time when 
several large companies had put substantial capital 
into new machines, leading to further cost and price 
cuts. 

In Denmark , one of the major manufacturers, 
wind energy is regarded as a major economic re-
source, with 350 M W installed by 1990 feeding an 
official target of 2 000 M W (to generate 10% of 
electricity) by 2000 .

2 0
 In 1988 the UK's Central 

Electricity Generat ing Board (CEGB) startled some 
observers by stating that at very good sites in Bri-
tain, modern wind turbines could generate electric-
ity more cheaply than e i ther nuclear or coal 
s ta t ions .

2 1
 Avenues expected to give further substan-

tial improvements have been ident if ied.
22
 However , 

the C E G B and others contended that the resources -
at competitive costs - were small and the technology 
was still unproven. 

Myth 2 - wind energy is not reliable 

The track record of many early Californian wind 
farms has been appalling. With tax credits so high 
and t ime-dependent , machines were rarely ade-
quately tested before installation. Many of the early 
installations were by companies that knew more 
about tax management than engineering, and soon 
broke down; even the more serious companies were 
for a time almost 'doing their R & D in the field'. 
Machines were often sited carelessly and very dense-
ly, and some were sold on blatantly fraudulent 
promises. Lines of ugly, motionless machines stand 
in testimony to the mixed blessings of such hasty 
development. 

But with the market base and finance of Califor-
nia, several companies gained rapid experience. 
Wind farms from the best manufacturers in the U S A 
and Europe have had several years operation at 
more than 90% availability, with some above 9 5 % . 
This is much higher than most large-scale steam 
plant. This has been possible in part because the 
small unit size limits the overall complexity of the 
system and allows a rapid product cycle in which the 
lessons from failures can be quickly incorporated. 



even after allowing for exclusion of obviously unsuit-
able sites (eg towns, forest areas, etc) the theoretical 
potential for wind energy was estimated by the 
European Commission at 4 060 TWh/year , some 2.5 
times net current European (EUR-12) electricity 
genera t ion ,

2 7
 more than one third (1 760 TWh) of 

this total being in the UK. The author , with more 
modest machine and siting assumptions, estimated a 
much smaller 'first order ' British mainland resource 
of 760 TWh/year - still about three times current 
U K electricity consumpt ion .

2 8 

Such 'first order ' estimates give no more than a 
theoretical upper bound. They cannot take account 
of the more general constraints arising for example 
from the visual reaction to wind turbines. The many 
attempts to make a more meaningful assessment of 
the resource have resulted in a wide range of esti-
mates, and have been generally unsatisfactory be-
cause they inevitably rely on largely subjective esti-
mates of what constitutes 'acceptable ' sites and siting 
densities. Many people , pointing to the size of wind 
turbines and concerns about noise, electromagnetic 
interference and other worries, believe that planning 
objections to siting will heavily constrain the practic-
al resource. Others argue that wind farms can be 
made very at tractive, that the other objections 
raised amount to no more than scare stories, and 
that wind will prove much more acceptable than 
conventional sources: and hence that planning proc-
edures will simply weed out the bad and leave a large 
acceptable resource. 

There is no right answer to the question of visual 
acceptability (other objections will rule out some 
sites but they are of secondary importance in deter-
mining the overall resource) so estimates are subjec-
tive. Figure 4 shows the mainland resource obtained 
for a number of different siting cases for wind energy 
in Br i t a in .

2 9
 The full resource spans the range from 

about 5 % to over 70% of current British electricity 
demand. The majority comes from relatively windy 
areas in which the economic prospects look good. 
The message is not that the practical potential for 
wind energy in Britain is necessarily either small or 
large: it is a mat ter of choice. 

Myth 5 - the lack of commercial development proves 
the case 

This encouraging analysis contrasts forcibly with the 
negligible role of wind energy in the current electric-
ity market , and in most future projections. 

The single most important reason for this contrast 
is the pace of wind energy developments . The tradi-
tionally conservative utility business is used to tech-
nologies which measure in hundreds of megawatts 
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and take a dozen years to plan and construct, let 
alone develop. The gulf between this and a technolo-
gy which has passed through three complete phases 
of development and deployment within this t ime, 
and has a typical unit size around a thousandth of the 
traditional scale, could hardly be greater. Many 
utilities are simply unaware of the current state of 
the technology and find it hard to take seriously. 

The sour taste left by some aspects of the US 
experience is another major factor. This has been 
compounded by the fact that the incentives which 
led to the 'Californian windrush' were restricted to 
independent companies, selling electricity to utilities 
(which were forced to buy it). It was felt that 
monopoly utilities would be reluctant to pursue wind 
energy, but this became a self-fulfilling phophesy, 
preventing the development of utility expertise and 
labelling wind energy as an ' independents ' activity. 

Added to this is the complexity of wind energy as 
an investment option. Its performance and econo-
mics depend crucially on all manner of siting condi-
tions. Uncertainties over possible local impacts and 
a reluctance to accept that varying, non-dispatchable 
sources are as valuable as conventional sources are 
also important . These complexities, coupled with 
the speed of developments , mean that there are very 
few people indeed outside the wind industry itself 
with the expertise and confidence to judge invest-
ments . 

In the U K , independent wind energy development 
in the 1980s was impeded by byzantine rate and tariff 
regulations (since reformed) which rendered most 
independent projects inevitably uneconomic .

3 0
 In 

addition, the main base-load competitors of coal and 
nuclear power have in both received large government 
subsidies in one form or another . The lack of wind 
energy deployment in the U K during the 1980s was 
proof not of wind energy's inadequacies - though its 
newness is certainly a factor - but of various systemic 
biases in the electricity market . 

Thus upon close examination, each of the objec-
tions to wind energy as a major power source appear 
to be either plainly wrong or at least seriously open 
to question. Despite the many and apparently powe-
ful arguments - and in some cases ridicule - directed 
against wind energy in the 1970s, the 1990s may well 
see it start on the path to being a substantial 
component of Britain's electricity supply. 

Technical lessons from the case study 

A few general lessons can be drawn from this. One is 
that technology development is crucial, but that 
institutions are very bad at foreseeing it. The argu-
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 Ε : 2 x 2 a r r a y p e r 25 k m

2 

Β : 2 x 2 a r r a y p e r 50 k m
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 F : 2 x 2 a r r a y p e r 1 2 5 k m

2 

C : 5 x 5 array p e r 4 0 k m
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2 

D : 5 x 5 a r r a y p e r 2 0 0 k m
2
 H : 5 x 5 a r r a y p e r 5 0 0 k m

2 

Figure 4. UK wind energy resources for different siting cases. 

ments against wind were heavily founded upon the 
technology of the 1970s, which indeed was quite 
inadequate to provide a serious power source. Clear-
ly there was great scope for improvement in a 
technology upon which very little had been spent, 
but few seemed prepared to think through the 
implications of this at the t ime. 

The importance of technical development suggests 
that, in sharp contrast to the common assumption 
that renewables are somehow most appropriate for 
developing countries, their development and de-
ployment is likely to be led in the industrial world. 
Only industrialized countries have the technological 

base, the capital, and the infrastructure required to 
push large-scale new developments in the energy 
sector. Expecting them to develop and demonstra te 
renewable technologies solely for application else-
where not only assumes an unprecedented degree of 
altruism, but is managerially impractical. Furth-
e rmore , it leads to great suspicion in developing 
countries that they are being handed second-rate 
and unproven processes. 

Of course, renewable sources are and will remain 
of crucial importance in underdeveloped regions. 
But the initial expansion of the more efficient tech-
nologies necessary if renewables are to contribute 
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much to meeting future needs will be led elsewhere. 
Another lesson which was anathema to the mental 

energy map of the time is that small-scale technolo-
gies are not necessarily at a disadvantage, and 
indeed that they have many advantages: they can be 
developed much more quickly and (still in the realm 
of speculation) may be easier to deploy rapidly on a 
large scale as well. The enthusiasts for the small 
scale, however, were (and some still are) equally 
reluctant to concede the point that advanced tech-
nology is required, and an integrated power system 
is essential, if the promise of many decentralized 
units is to be realized in practice. 

Another general conclusion may be drawn from 
the extensive studies of wind integration on power 
systems. The high levels indicated for wind energy 
would become larger still if a mix of different 
variable power sources was considered (eg wind and 
solar); if the system has much natural energy storage 
(eg in the form of hydro power) ; or if deployment of 
load management technologies mean that demand 
can respond more flexibly to variations in the gen-
eration costs. Under these conditions, contributions 
from variable power sources could amount to over 
half the supply before additional storage would be 
required to utilize the power effectively. 

The real difficulty comes in at tempting to con-
struct systems with all-renewable supplies (eg wind-
solar-bat tery) . The possibility of long periods with-
out adequate input from the variable sources means 
that very large and expensive storage capacities are 
required if reliability is to be maintained; except for 
small-scale remote supplies, they appear completely 
impractical on realistic criteria. 

However , with widespread availability of natural 
gas, and growing interest in gasification of biomass 
fuels for power generation (discussed later) most 
power systems are likely to have a substantial re-
source of low capital but modera te to high fuel cost 
plant on the system. 

These are exactly the characteristics required to 
make an economic 'back-up ' of variable power 
sources such as wind, wave, tidal and solar. To put it 
another way, if the system has much plant which is 
cheap to build but expensive to run, renewable 
electricity sources are very valuable as fuel savers. 
Variable or not , their short-term value of reducing 
coal and oil bills could transform into a long-term 
role of helping to limit emissions and spin out gas 
and/or biomass resources for the foreseeable future. 

Other technologies 

To what extent is wind energy in Britain an excep-

The Cinderella Options - Part 1 

2 3 

t ion? Certainly, the resources are unusually good: 
more than two-thirds of the U K has wind resources 
in the top two of five categories in the European 
Wind A t l a s ,

3 1
 and wind energy has been the main 

renewable beneficiary of the Californian develop-
ments . 

The U K is certainly not well blessed with the more 
familiar kinds of renewable energy. Hydro , solar, 
and geothermal aquifer resources are all relatively 
poor . But there is a relative abundance of less 
familiar types in addition to wind. A 16-km long 
tidal barrage across the Severn Estuary could meet 
over 6% of electricity demand. With an estimated 
capital cost of some £8 000m and a 10-year construc-
tion t i m e ,

3 2
 the energy cost depends heavily on the 

discount ra te , ranging from 3-8 p/kWh over a dis-
counting range of 4 - 1 0 % . Two other large schemes 
along the west coast, at 10-40% higher costs, boost 
the tidal resource to about 15% of current electricity 
demand. The scale and payback times mean that 
these tidal schemes would require government sup-
port , and they could face strong environmental 
opposition. Numerous other smaller schemes, at 
similar energy costs but on a much less daunting 
scale, could provide another few per c e n t ;

3 3
 a private 

consortium is now backing an 800 M W barrage 
under the electricity privatization provisions. 

Wastes with an energy content of about 25 mtce 
(compared with total primary energy requirement of 
about 200 mtce) are disposed of each year in the 
U K , of which 'about 5 mtce could be economically 
extracted for use as a fuel at current energy p r i ces ' .

3 4 

Forest wastes could add as much again. If subsidies 
on agricultural land were applied to energy crops 
these could be viable , substantial ly increasing 
biomass resources. 

Hydro , onshore wind, tidal and various forms of 
waste and biomass use, together with solar building 
design, can be considered as 'confident' renewables: 
the technical uncertainties are small and the costs 
not prohibitive. 

Grea ter uncertainties surround other options. The 
exploitable offshore wind resource is estimated to be 
on the same scale as total electricity demand. Exten-
sive deployment of wave devices off the north-west 
and south-west coasts might generate up to 20-40% 
of current electricity d e m a n d .

3 5
 A number of unre-

solved engineering issues and the lack of any real 
experience means that the costs of offshore wind and 
wave are very uncertain, though desk studies place 
wind in the region 3-10 p/kWh and wave at 5-15 p/ 
k W h .

3 6
 Onshore , granite intrustions in the south-

west and east Scotland give strong heat anomalies 
which could offer a substantial geothermal hot dry 
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E q u i v a l e n t c a p a c i t y MW 
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10% d i s c o u n t r a t e 

Figure 5. Renewable energy cost curves for the Norweb area. 

Source: ETSU/Norweb, op cit, Ref 38. 

rock ( H D R ) resource, though both are mostly in and 
around national parks and large-scale exploitation 
could face environmental disputes. A band of warm 
rocks runs across northern England and other , un-
mapped, heat anomalies may lie beneath sedimentary 
rock c a p s .

3 7
 The U K is amongst world leaders in 

H D R technology but the prospects remain very 
uncertain, as discussed later. 

Quantifying renewable energy resources is a com-
plex task. Data are often poor, and are difficult to 
interpret: often the technological capabilities are still 
uncertain, the resources are very heterogenous (the 
energy density and economics may vary greatly 
according to local siting conditions), and the practic-
al resources depend ultimately upon the practical 
siting density of conversion systems. 

In the last few years a number of detailed studies 
have resulted in a good data base for estimating the 
practical bounds on U K renewable energy re-
sources. An exceptional regional study at tempted to 
quantify the po ten t i a l for b roadly ' conf ident ' 
electricity-producing renewables for the region of 
the North-West Electricity Board ( N O R W E B ) in 
England, which covers about 5 % of U K land area 
and over 8% of popu la t ion .

3 8
 The study is a model of 

how a regional survey can be carried out and pre-
sented. Whilst acknowledging some of the uncer-
tainties, particularly in estimates of the practical 
wind resources, the broad conclusion was that: 
'2500 GWh/year (about 12% of N O R W E B ' s re-
quirements) is believed to be potentially available at 
a cost of 3 p/kWh or less' (at commercial 10% 
discount rate) . 

The resource-cost curves developed, illustrated in 
Figure 5, show how the resource depended upon 
costs and the relative standing of the technologies 

considered. They highlight the conclusions that the 
majority of resources considered were not expensive 
compared with conventional options even on the 
strict commercial criteria considered: the report 
noted Only that portion below about 5 p/kWh is 
likely to be of commercial interest . . . limiting the 
overall potential . . . to approximately 7000 GWh/ 
year - about one third of N O R W E B demand. The 
resource assessments are of course themselves un-
certain (particularly for w i n d ) ,

3 9
 and neglect the 

more speculative contributions from H D R , wave, 
offshore wind, or energy crops. 

Extrapolating such an approach to the national 
level, with a broader range of technologies, is 
fraught with difficulty. A national renewable energy 
cost curve for the UK, as published in a forthcoming 
report by the Watt C o m m i t t e e ,

4 0
 is reproduced in 

Figure 6. It illustrates clearly the range of renewable 
resources available and the broad way in which these 
resources depend upon costs. It seems to suggest the 
remarkable fact that about 250 TWh/year - roughly 
equal to current electricity generation - could be 
available from renewable sources at less than 5 p/ 
kWh ( 5 % discount rate - equivalent to 8-10 p/kWh 
at 10%) . 

Unfortunately, such a diagram gives a misleading 
impression of certainty, without the often specula-
tive and subjective assumptions being c lea r .

4 1
 Un-

certainties abound both for the economic axis, be-
cause many of the technologies are poorly developed 
or analysed, and for the resource axis, because the 
resources depend so heavily upon assumptions about 
practical siting densities. When uncertainties are so 
large a different and more transparent approach is 
required. 

Table 2 shows an at tempt to summarize the poten-

2 4 

R e s o u r c e G W h / y e a r 

1 2 0 0 0 
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Figure 6. Estimated national resource-cost curves for the UK, (5% discount 
rate, 1987 costs). 

Source: Watt Committee, op cit, Ref 40. 

tial in a more objective and informative manner . 
Estimates of exploitable U K renewable energy re-
sources are given for low and high siting density 
cases, along with the primary assumptions used and 
comments on the current status of the relevant 
technologies. The estimates are derived from an 
extensive survey of existing studies. The aim is to 
clarify the nature of the major uncertainties - and to 
highlight the sometimes extraordinary scope for 
varying conclusions given different approaches com-
bined with our current ignorance. All the estimates 
are either below, or span, estimates of Technical 
Potential made by the Depar tment of E n e r g y .

4 2 

On one reasonable def ini t ion,
43
 the 'confidently 

economic' renewable resource ranges from under 
15% of current electricity generat ion, at the lower 
density, to over 40% at the higher density exploita-
tion. By its na ture , this figure makes little allowance 
for future technical development . The total renew-
able electricity resource spans from about 70% to 
several times current generation. The non-electricity 

resource is relatively much smaller, with a large 
uncertainty wholly dominated by the potential for 
energy crops. 

However the data are analysed it is clear that: 

• Significant amounts of renewable energy can 
be economic at current costs and prices: the size 
of the economic resource depends upon financ-
ing assumptions, and could be much larger if 
traditional public sector criteria are used and/ 
or energy prices rise for market or environ-
mental reasons. 

Φ A wide range of technologies needs to be 
considered. Wind energy is a major resource 
but by no means the only one. 

Φ The total contribution of renewable sources 
could be very large especially for electricity 
production. Non-electricity contributions are 
relatively much more limited. 

This seems to be a far cry from the view that 
renewable energy is necessarily marginal in future 
supplies. What about other countries? 

2 5 
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much renewable electricity as they can utilize and 
export within limits of the sys tem.

4 8
 It remains 

unclear whether building surface systems interfaced 
with the grid, which might offer a more acceptable 
way of realizing a large resource in more populous 
areas, will be practical, but prototype PV roofing 
tiles are already available and one extensive review 
concludes that 'development of the grid-connected 
PV roof market will probably occur in the mid-
1990s ' .

4 9 

Modernised biomass conversion. The many options 
currently available for converting various biomass 
resources to useful energy can prove viable given the 
right local conditions - availability of waste and local 
use for the energy - but they are limited. Simple 
wood stoves are around 10-15% efficient. Liquid 
fuels from fermentation or low temperature pyroly-
sis remain obstinately expensive, and the energy 
required for subsequent distillation is a substantial 
burden on efficiency. Producing gas from anaerobic 
digestion remains a slow and messy business, though 
it may be more promising on a large scale. Gas from 
high tempera ture pyrolysis is probably more promis-
ing, but the product is not suitable for domestic 
distribution and combustion. 

All these processes are slowly improving. Also, 
the crop potential is uncertain, given the limited 
effort so far devoted to bio-energy crops when 
compared with the dramatic increase in food crop 
yields over the last half century. In addition there is 
a range of relatively new options for modernized 
biomass conversion. Thermal reduction using che-
mical catalysts, or use of modified organisms, may 
provide a bet ter route to liquid fuels. Continuous 
engineering processes can in some applications re-
place batch processing, increasing throughput and 
reducing losses. New energy crops, including algae, 
can increase photosynthetic efficiency and/or exploit 
inhospitable environments. A recent US Depart-
ment of Energy technology review concluded that 
'Biomass as material for producing liquid fuel is 
reasonably capable of producing up to 13.9 quads 
[over 15% of U S total primary energy requirement] 
and . . . would be used if oil and coal prices increase 
slightly, as they are expected to d o ' .

5 0 

Perhaps most striking of all is the potential for 
combining biomass gasification (through pyrolysis) 
with advanced gas turbine cycles. In principle this 
could result in the conversion of biomass to electric-
ity with efficiencies over 40% - a dramatic step from 
heat or even liquid output at much lower efficiencies 
- with a relatively low cost technology.

5 1
 The tech-

nical obstacles appear to be modest , and the poten-

2 8 

Other countries 
As noted, the UK's renewable resources are un-
usual. In few countries could the combination of 
wind and tidal (and wave if successfully developed) 
energy conceivably reach the contribution possible 
in the UK. In many industrial countries there is 
some further scope for hydro (micro hydro sites 
especially) but the potential is limited. Geothermal 
aquifer resources are small in most countries. Solar 
water heating and space heating are confined to 
those end-uses, and are limited further by the annual 
variations. Most countries have significant potential 
for using wastes, both industrial and agricultural; the 
practical resources on the basis of current technolo-
gy are significant and in some cases already partially 
explo i ted ,

4 4
 but are limited compared with total 

primary requirements. 
Drawing on the U K analysis, this suggests on a 

broad perspective that renewable energy could be 
significant on the basis of current technology, but 
that for it to be a major component of supply on a 
global scale, other technologies will be required. 
Three candidates stand out. 

Photovoltaics (PV). Often known as solar cells, 
these convert sunlight to electricity at an efficiency 
far exceeding photosynthesis. Installed costs cur-
rently exceed the levels required for competing with 
baseload power generation even in the sunniest 
regions by a factor of 2 -3 . To become competitive 
on power systems the costs of cells need to come 
down further and the field efficiency must increase 
substantially to limit the 'balance of station' costs (eg 
mounting, interface with grid, etc). 

The development of solar cells to date has not met 
some of the ambitious goals set in the 1970s but has 
nevertheless been impressive: in the decade 1978-88 
commercial cell efficiencies increased by over 50% 
and costs reduced by a factor of at least f ive .

4 5
 Many 

of those involved argue that the goals for grid 
competitiveness can be reached through a range of 
foreseeable developments in amorphous silicon cells 
within the next five years.

46
 Of course, technical 

optimism is nothing new, but no-one disputes the 
fact that there are many clear possibilities for im-
provement , and that costs will fall substantially with 
larger-scale production. A recent research paper 
raises hopes of major further gains in efficiency 
beyond those currently forecas t .

4 7 

If the goals are achieved, and/or there are large 
fossil fuel price rises, countries with both sun and 
space, such as the U S A , North Africa, and many 
Asia-Pacific countries, can potentially generate as 



tial is large. It has been estimated that with such a 
technology, Sweden could generate 25-40% of its 
current electricity consumption from its biomass and 
waste resources at a cost of around US$0 .05 /kWh.

5 2 

Extracted minerals precipitate from the process and 
could be returned to the soil. Modernized biomass 
technology would enable tropical and tempera te 
countries with sizeable forests, or with land available 
for suitable energy crops, to rely heavily on domestic 
biomass resources. 

The third of the 'big three ' infant renewable 
technologies is geothermal H D R . The idea of drill-
ing holes into the ground to reach hot rock, fractur-
ing it, and pumping water around to extract heat for 
electr ici ty g e n e r a t i o n , seems absurdly s imple . 
However , earlier optimistic assessments by the UK ' s 
Energy Technology Support U n i t

5 3
 have been re-

vised following the failure to date to find a way of 
creating an effective fracture zone without excessive 
cos t .

5 4
 Possible options now may include: finding 

other ways of creating fracture zones; exploiting 
natural fracture zones; or finding ways to create 
much larger reservoirs than previously considered. 
In the absence of success in any of these, areas with 
very high heat gradients (eg in geothermally active 
regions) may still be attractive. Success in extending 
the technology to lesser heat gradients, such as those 
occurring in the U K , would mean that many coun-
tries even outside active regions could generate 
substantial amounts of electricity for decades or 
even centuries before the resources are depleted. 

Markets and competing prices 

If gasification for power generation is taken as the 
most promising technology for large scale biomass 
use, then all of these 'big three ' infant renewable 
technologies produce electricity, as do wind and 
hydro. Electricity accounts for only about 15% of 
total energy end-uses in industrial countries, which 
equates to about 40% of primary energy, though this 
is growing. In most cases, even successful develop-
ment of renewables could only meet a portion (albeit 
a large one) of this because of their variability and 
resource constraints. Solar might make large con-
tributions to low grade heating in many areas, 
especially if combined with strong efficiency mea-
sures. But the 'problem within a problem' of fuels 
for transport and distributed heating, highlighted by 
I IASA a decade a g o ,

5 5
 remains. 

Biofuels could contribute if and when oil prices 
rise, but the indigenous potential in many countries 
is limited because of the fairly low conversion effi-
ciencies combined with limits on suitable land. This 
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2 9 

should not obscure the fact that in terms of end-use 
energy, the biomass resource may be comparable 
with all the electricity-producing renewable re-
sources combined excepting photovoltaics. 

A possible larger scale link from renewables to the 
t ransport sector, and efficient heating, may be 
through hydrogen. The 'hydrogen economy' is not a 
new concept. A voluminous literature grew during 
the 1970s in response to concerns about oil re-
sources. A major factor stimulating renewed interest 
in hydrogen, apart from environmental concerns, 
has been the publication of a recent report on 
obtaining hydrogen from solar cells in deserts by the 
World Resources Institute in Wash ing ton .

5 6
 The 

report assesses the required technologies in detail 
and concludes that there are good prospects for this 
being competitive with other 'al ternative' fuels, in-
cluding the currently favoured methanol , though 
natural gas (CNG) cars are not included in the 
comparison partly on grounds of resource con-
straints. 

There are undoubtedly major uncertainties con-
cerning the economics and infrastructural require-
ments involved - it is only presented as a long-term 
option - but the concept is well beyond the realm of 
'marrying one fantasy with another ' , as one critic 
complained. The implications of successful develop-
ment would be large indeed, as it could mean a very 
large renewable energy r e sou rce

5 7
 joining the inter-

national fuels market , though there is no suggestion 
that this would occur without a large rise in the price 
of transport fuels first. 

A n o t h e r possible link to t ranspor t could be 
through electric vehicles charged from PV, probably 
with a combination of cells on cars and recharging or 
battery exchange points at car parks. 

What is the outlook for price competit ion? Re-
newable sources will be competing with convention-
al energies. It is implausible under almost any tech-
nical outlook that the costs of collecting and convert-
ing diffuse renewables can compete with the costs of 
drilling a hole in the ground and letting oil or gas 
well up. Yet this is not the primary issue. Even on an 
optimistic view of resources, oil can never again be 
priced down to a level at which it can dominate 
electricity markets for any sustained period; and if 
renewables penetra te transport it will not be due to 
competit ion at current oil prices, but either as a 
response to further price shocks from market and/or 
global environmental pressures, or as the winning 
candidate for environmentally acceptable substitutes 
in urban areas. Gas is more promising for electricity, 
but even this would probably face large price rises if 
it tried to dominate baseload supplies. 
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pointed to apparently overwhelming technical and 
other obstacles. Through accidents of circumstance 
and scale, wind energy developed very rapidly to the 
stage where it is being considered - and in some 
cases deployed - as a serious large-scale source. 
Given the right signals and support , the prospects 
for at least one and quite possibly two of the 'big 
three ' infant renewables realizing their potential , 
together with many lesser but locally important 
resources, seem just as good. 

The cursory analysis of resources and markets 
suggests that on technical and economic grounds it is 
almost impossible to construct all-renewable energy 
futures. But it seems relatively easy to visualize 
renewables making large contributions, especially if 
future world energy demand is constrained to levels 
not far above today's . 

The timescales may not be long by energy stan-
dards. As noted, many significant technologies can 
already be commercial , or are merely awaiting price 
rises widely expected this decade. Photovoltaics and 
advanced biomass technologies, including gasifica-
tion, could be well developed and into early stages of 
deployment by the end of the 1990s. Deployment 
will follow a traditional logistic curve, but one which 
could be speeded up by environmental concerns. 
Only the heavy engineering gothermal and offshore 
technologies are likely to take much longer to de-
velop. 

These conclusions focus primarily upon technical 
and economic considerations. There are of course 
other issues, including the current low profile and 
status of renewables, the relatively low level of 
industrial and government support , and the environ-
mental impacts of renewables which could give rise 
to strong opposition. However , currently environ-
mental concerns are one of the driving factors be-
hind renewables and the idea that they will act to 
favour fossil and nuclear sources is difficult to sus-
tain. All these issues are considered further in Part 
II: none of them, ultimately, invalidates the technic-
al conclusions drawn above. 

But returning to the present reality throws all this 
into sharp relief. Renewables other than hydro and 
traditional biomass are currently a minor factor in 
world energy supplies and their contribution in 
industrial countries is tiny. Most projections show 
them contributing at most a few percent even de-
cades ahead. R D & D expenditure on the full and 
varied range of renewable technologies remains, in 
total , an order of magnitude less than expenditure 
on other energy sources, including much more spe-
culative nuclear technologies. In considering the 
policy options to minimize carbon emissions, most 

3 0 

In most cases the main competitors in the electric-
ity sector will thus be coal and nuclear. Coal is more 
expensive to extract than oil and gas, and the costs of 
use are being driven up by a range of environmental 
concerns - which include the sheer difficulty of 
building new stations and the possibility of a large 
carbon tax. Nuclear is far from guaranteed as a 
cheaper option, or indeed as an option at all in many 
countries. Partly for environmental reasons, there is 
also increasing pressure to remove existing subsidies 
in some countries which distort competing energy 
prices, and/or to offer deployment subsidies for 
renewables in lieu of environmental taxes on other 
sources. 

Thus, quite apart from supplies for special cases 
and niche markets - which may in themselves be 
considerable - it is quite conceivable that as renew-
able technologies develop, bulk energy markets will 
be awaiting them. Conversely, however, the factors 
driving up competing prices will be less important if 
the use of fossil fuels is depressed. The more renew-
ables (and efficiency) penetra te , the stiff er the eco-
nomic hurdles will become, and this will be another 
factor setting limits on the likely scale of contribu-
tions. 

Technical prospects: conclusions 

The U K is unusual in that perhaps its largest renew-
able energy resource - wind energy - has recently 
passed adolescence, though it is far from fully ma-
tured. In many other countries assessments are more 
uncertain, and in particular, further technical de-
velopment is required before any of the 'big three ' 
infant technologies can make an impact on energy 
markets . 

In itself this is no objection: any forecasts which 
neglect technical development will inevitably be 
wrong. It occurs continuously in all areas and 
R D & D funding of all technologies is based upon the 
expectation of technical development. This is espe-
cially true since the two main criteria upon which 
expectations for technology development can rest 
are fulfilled: potential avenues for major improve-
ments have been identified, and expenditure to date 
has been wholly inadequate to test the engineering 
requirements for these proposals (few renewable 
t e c h n o l o g i e s h a v e r ece ived as m u c h as o n e 
thousandth of the cumulative R D & D expenditure 
devoted to nuclear p o w e r ) .

5 8 

The prospects for a number of technologies, in-
cluding at least two of the 'big three ' , appear to be 
much more favourable than did the prospects for 
wind energy a decade ago - for which assessments 



of the first round country studies for the Inter-
governmental Panel on Climate Change all but 
ignored renewables in their projections. In the 
hallowed halls of energy policy formation, renew-
ables remain invisible. Why? 

Part 2, Political and policy analysis, Chapter 19, 
examines the questions: why, and what can change. 

This paper is an expanded version of a presentation given to the 
4th RIIA/BIEE/IAEE Annual Conference, London, December 
1989. 

I am grateful to a number of people for providing thoughtful 
comments. I am indebted to James Cavanagh for redrawing 
Figure 5, and to Nicola Steen for preparing the other figures. 
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Chapter 2 

Biomass Energy 
D.O. Hall 

Biomass provides about 14% of the world's 
energy, about 25 million barrels of oil equivalent 
per day (mboelday) (=55EJ). It is the most 
important (35%) source of energy in developing 
countries but also plays a significant role in a 
number of industrial countries, eg the USA 
obtains 4% (IV2 mboelday) of its energy from 
biomass, and Sweden about 14%; both countries 
have plans to increase bioenergy production and 
use. Annual resources of biomass are eight times 
the world's energy-use but the problem is getting 
the energy to those who need it in an environ-
mentally sustainable manner, and which is also 
economic when all internal and external costs are 
accounted for. There is considerable scope to 
modernize biomass energy production delivery 
systems to provide varied energy carriers such as 
electricity, liquid fuels and gases. Successful case 
studies for traditional and modern biofuels in a 
number of countries are presented. Economic, 
social and environmental issues are examined 
over the whole biomass energy spectrum. 

Keywords: Biomass; Bioenergy; Environment 

The world already derives a fifth of its energy from 
renewable resources - 14% from biomass and 6% 
from hydro (Figure 1). In the case of biomass this 
represents about 25 mboe/day (55EJ/year) and is the 
most important source of energy (35% of total) for 
the three-quarters of the world's population who live 
in developing countr ies .

1
 Since the annual photo-

synthetic production of biomass is about eight times 
the world's total energy-use, and this energy can be 
produced and used in an environmentally sustain-
able manner , while emitting no net C 0 2 , there can 
be little doubt that this potential source of stored 
energy must be carefully considered in any discuss-
ion of present and future energy supplies. The fact 
that nearly 90% of the world's population will reside 
in developing countries by about 2050 probably 
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implies that biomass energy will be with us forever 
unless there are drastic changes in the world energy 
trading pa t t e rns .

2 

Unfortunately, biomass energy has usually been 
relegated to the lowest priority, if considered at all, 
mainly because its primary use is in rural areas of 
developing countries where it often supplies over 
90% of total energy requirements . Biomass is also a 
problem to planners and the like because it has 
diverse sources and end-uses and also interacts with 
land-use so resulting in many socioeconomic im-
plications from production through to use. Never-
theless, biomass energy provision is being consi-
dered more favourably because of its role in the 
overall development process and because it is recog-
nized that biomass can provide both traditional and 
modern energies such as electricity, liquid fuels and 
gases. This slow acceptance is being backed up by 
increased bioenergy-use in developed countries 
where , for example, the USA derives about 1.5 
mboe/day and now has 9 000 M W of biomass electric 
power p lan ts ,

3
 and Sweden, which derives 14% of its 

energy from biomass, has plans to increase this 
dramatically as it phases down nuclear and fossil fuel 
energies into the next century. 

Although biomass energy-use is predominantly in 
the rural areas of developing countries, it also pro-
vides an important fuel source for the urban poor 
and for many rural small-to-medium-scale indus-
tries. We should thus address the issues of first, 
equity for the poor , and especially for women who 
are important actors in biomass energy provision 
and use through their cooking activities; second, 
environmentally sustainable land-use which requires 
that biomass in all its forms for food, fuel, etc, be 
sustainably produced; and, third, development and 
increased living standards which require increased 
energy provision. It is therefore imperative that we 
focus on the efficient production and use of biomass 
energy so that it can provide modern fuels such as 
electricity and liquid fuels, in addition to the more 
traditional, and very large role, as a heat supplier .

4 

The actual contribution of biomass to world ener-
gy supply will depend not only on the size of the 
resource base, but on a host of other economic and 

3 3 



Renewable Energy Technologies 

Nuclear 5% 
Hydro 6% 

Gas 17% 

Biomass 14% 

Oil 3 2 % 

Coal 2 6 % 

World 
Total = 399 EJ (9 0 6 7 mtoe) 

Population = 5.0bi l l ion 

Energy-use per capita = 79.8 GJ 
(1.81 toe) 

Nuclear 5 % Biomass 3 % 
Hydro 6%^ 

Gas 2 3 % 

Hydro 6 ° 4 ^ g
l e qr 1% 

Gas 7%, 

Oil 3 7 % 
Coal 2 8 % 

Biomass 3 5 % 

Coal 2 5 % 

Developed countries 
Total = 262 Ε J (5 947 mtoe)-, 

6 6 % of world 
Population = 1.2 b i l l ion; 

2 4 % of world 
Energy-use per capita = 218 GJ 

(4.96 toe) 

Oil 2 3 % 

Developing countries 
Total = 137 Ε J (3 120 mtoe)-, 

3 4 % of world 
Population = 3.8 bil l ion; 

7 6 % of world 
Energy-use per capi ta=36.0 GJ 

(0.82 toe) 

Figure 1. The contribution of biomass to global energy-use (1987). 

Notes: 1.0 EJ = 10
1 8
J (approximately equal to 1 Quad (USA), ie 10

12
 Btu); 1 mtoe = 44 x 10

6
 GJ (44 Χ 10

15
 J) thus 1 toe = 44 GJ; 1 

tonne/air-dry biomass (20% moisture) = 15 GJ; 1 tonne fuelwood = 1.4 m
3
 wood; 1 tonne charcoal is derived from 6-12 tonne wood. 

Source: Scurlock and Hall, op cit, Ref 1. 

technical factors. A major factor will be the commit-
ment by equipment manufacturers to develop ad-
vanced biomass power generating technologies, of 
which the gasification/gas turbine combination 
appears to be one of the most promising 'newer ' 
technologies. 

A new approach is required, centred on modern 
technology, to enable the full potential of this re-
source to be unlocked and contribute a greater 
market share in the energy consumption of any given 
country or region. Sustainable growth will not come 
about by chance, as resource allocation by the 
market may fail in areas such as the environment 
and the provision of public goods. Support is grow-
ing for a systematic approach in remedying certain 
shortcomings of the market mechanism, by at temp-
ting to make explicit - or internalize - the external 
costs of production and consumption.

5 

We can expect demand for biomass to rise con-
siderably in the future, because of first, population 
growth, particularly in developing countries; second, 
greater use in the industrial countries due partly to 
environmental considerations; and, third, technolo-
gies presently being developed will allow either the 
production of new or improved biomass fuels, or the 
improved conversion of biofuels into more efficient 
energy carriers and thus stimulate demand for feed-
stock. 

If these premises are accepted then we must 
examine carefully how biomass fuels have been 
produced and used in the past. This will allow us to 
draw on experiences in both developing and de-
veloped countries of successful and efficient prac-

tices which have resulted in sustained benefits at the 
local and national level. 

As a result of an ongoing analysis of biomass 
energy projects around the world and detailed ex-
amination of four in India, Z imbabwe, Kenya and 
Brazil, we have concluded that the requirements for 
successful biomass projects depend mainly on the 
maximum participation and control by local people 
from the outset (including initiation and planning); 
they also need to receive short-term benefits within a 
longer-term context. Project implementation also 
needs to ensure sustainability, flexibility, and repli-
cability as integral components - too great rigidity 
can be especially detrimental where economic bene-
fits are difficult to calculate. The economics of these 
country examples and other similar examples need 
to be carefully analysed, even though they may be 
quite site specific, in order to determine whether any 
more general conclusions can be m a d e .

6 

Can the data be trusted to reflect current know-
ledge? Can generalizations be drawn from such 
analysis? How replicable, how sustainable and how 
flexible are the examples, both nationally and inter-
nationally? These aspects of biomass will be discuss-
ed in detail later. 

Biomass as an energy source has great opportuni-
ties and also problems. Its production and use, in an 
economic and sustainable manner , should be seen as 
an opportunity for entrepreneurs of all descriptions 
especially since biomass is so widely distributed and 
used throughout the world. 

Biomass differs fundamentally from other forms 
of energy because of the diversity of types, produc-

3 4 



tion and use techniques in the overall energy produc-
tion cycle, eg solid, liquid and gaseous fuels can be 
produced from dry and wet feedstocks. The cost of 
producing bioenergy thus differs considerably, and 
depends on many varying factors. There is no such 
thing as 'fixed' biomass production costs since the 
economics are quite site specific, especially if con-
version technologies are excluded when making 
complete systems analyses. 

Estimates of global distribution of energy-use are 
given in Figure 1 and in individual countries the use 
of biomass is shown in Tables 1 and 2. The single 
most important biomass energy source is fuelwood 
which in 1988 provided, according to the F A O , 457 
mtoe. The Scurlock and Hall da t a

7
 differ from 

official statistics which generally concentrate only on 
fuelwood and are also of dubious value but never-
theless are frequently cited in different forms with-
out fully acknowledging their actual problematic 
origins.

8
 No serious effort has been made in any 

country, to my knowledge, to place information on 
biomass energy production and use on an equal 
footing with more commercial and other fossil fuels, 
especially with regard to time series data. Thus the 
well known annual publication BP Statistical Review 
of World Energy does not list biomass energy for any 
country deliberately excluding it because 'fuels such 
as wood, peat and animal waste, which, though 
important in many countries, are unreliably 
documented in terms of consumption statistics ' .

9 

O p e n s h a w
1 0
 summarizes well the problem with 

official statistics when he says 'it is known that 
production figures published by the F A O may be 
considerably underest imated because no accurate 
records are kept by many of the reporting countries 
of self-collected or self-produced products such as 
fuelwood, charcoal . . . Even the statistics for 
machine-sawn t imber are unreliable owing to illegal 
felling practices in many countries ' . Monta lember t 
and C lemen t

1 1
 of the F A O also illustrate this prob-

lem when they say that 'in national statistics, the 
fuelwood and charcoal production is assessed on the 
basis of the forestry data available, supplemented if 
necessary by estimates. But considerable amounts of 
fuelwood are also collected outside the actual forest 
lands, on uncultivated land or in rural areas, and are 
not accurately assessed. In many countries the data 
available are at best estimates or extrapolations 
based on partial consumption studies' . For example, 
the F A O estimate of worldwide wood consumption 
for 1976 was about 2.5 billion m

3
 while Openshaw's 

estimate for the same year was about 4.8 billion m
3
. 

The poor state of knowledge about fuelwood con-
sumption and substitution pat terns is confirmed by a 

Biomass Energy 

3 5 

World Bank r e p o r t .
1 2
 Having reliable information 

on biomass production and use is essential if re-
sources are to be sustainably managed to provide 
both traditional and modern fuels, in parallel with 
fossil fuel markets which themselves have much 
stronger infrastructure and data bases. 

It is also often not recognized, or documented, 
that biomass is used as an energy source not only for 
cooking in households, many institutions and service 
industries, but also for agro-industry processing and 
in the manufacture of bricks, tiles, cement , fertiliz-
ers, etc. These non-cooking uses can be substantial 
especially in and around towns and cities. Also, 
rural-based village and small-scale industries are 
frequently biomass-energy driven and play an im-
portant role in rural and national economies and are 
increasingly a focus of industrial development poli-
cies. Biomass energy is likely to remain the major 
source of heat energy for these industries for many 
years, since it is, at present , the only medium-to 
large-scale heat-energy resource which is economi-
cally viable and potentially sustainable. In India, for 
example, these industries account for as much as 
50% of the manufacturing sector and provide a large 
part of national employment , second only to the 
agricultural sector. 

The cost of importing energy can often be a 
substantial burden especially if a country's exports 
depend mainly on commodities. For example, Ban-
gladesh, which derives about 90% of its energy from 
biomass only needed 7% of its export income in 1973 
to import fossil fuels but this soared to 7 5 % in 1981 
and then decreased to 24% in 1988 .

1 3
 Since the Gulf 

crisis of 1990-91 petroleum costs in many countries 
have increased by 50% or more while commodity 
prices have declined. The reality of large import and 
export imbalances and energy insecurity are not 
passing phenomena , they have already been with us 
for 18 years. 

The problem of devegetation in general, and 
deforestation more specifically, and its relationship 
to environmental degradation and global climate 
change, are important components of future biomass 
energy plans. The extent of net biospheric emissions 
of C 0 2 to the a tmosphere are hotly d e b a t e d

1 4
 but a 

'most-likely' range is 1.5-3.0 Gt carbon/year .
1 5
 This 

represents about 23 to 36% of total carbon emissions 
including fossil fuels. The use of biomass as a fuel is 
assumed to be on a sustainable basis in these overall 
calculations (no net C 0 2 emissions) but this is 
certainly not always the case. Since the annual 
equivalent of about 1 300 million tonnes of oil is 
used in the form of biomass energy it will be 
important in balancing any country's carbon flows to 
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Renewable Energy Technologies 

Table 2. Present biomass and commercial energy consumption patterns in developed countries. 

FW or BIO: 
Present total % total energy 
GJ/Capita/year consumption 

Total Fuelwood Biomass Total energy Total energy 
commercial -use -use consumption: consumption: FW only

3 
Biomass 

consumption FAO various FW+ commercial I BIO+ commercial FAO various 
Country (10

9
 GJ) (10

6
 GJ) (10

6
 GJ) (10

9
 GJ) (10

9 
GJ) (GJ/capita) (GJ/capita) FAO Various 

Developed 235.85 2 925.8 238.8 215 1.2 
Ν America 92.01 1 338 4 022 93.4 96.0 339 348 1.4 4.2 
Canada 10.33 74 540 10.4 10.9 393 410 0.7 5.0 
USA 81.31 1 264 3 482 82.6 84.8 331 340 1.5 4.1 

Europe 64.84 620 est
b
 1 050 65.5 est

b 
65.89 132 133 0.9 1.6 

Albania 0.11 17 0.1 40 13.5 
Austria 1.12 15 1.1 151 1.3 
Belgium 1.80 6 2.2 210 0.3 
Bulgaria 0.76 19 17 0.8 0.8 86 86 2.4 2.2 
Czechoslovakia 1.66 16 20 1.7 1.7 107 107 0.9 1.2 
Denmark 0.60 4 88 0.6 0.7 119 136 0.7 10.4 
Finland 1.00 32 150 1.0 1.2 207 231 3.1 13.0 
France 8.28 112 336 8.4 8.6 149 153 1.3 3.9 
Germany 14.61 47 101 14.7 14.7 190 191 0.3 0.7 
Greece 0.92 22 42 0.9 1.0 94 96 2.3 4.4 
Hungary 0.62 32 34 0.7 0.7 62 62 4.9 5.1 
Iceland 0.07 0 0.1 0.7 224 0.0 
Ireland 0.37 0 46 0.4 0.4 100 112 0.1 11.1 
Italy 6.38 48 162 6.4 6.5 112 114 0.8 2.5 
Netherlands 3.12 1 3.1 211 0.04 
Norway 1.39 10 32 1.4 1.4 333 339 0.7 2.3 
Poland 2.33 40 82 2.4 2.4 62 63 1.7 3.4 
Portugal 0.50 6 34 0.5 0.5 50 1.3 6.3 
Romania 2.11 49 45 2.2 2.2 93 92 2.3 2.1 
Spain 3.49 36 38 3.5 3.5 90 90 1.0 1.1 
Sweden 2.38 48 234 2.4 2.6 293 315 2.0 8.9 
Switzerland 1.21 9 1.2 187 0.8 
UK 8.73 2 50 8.7 8.8 153 154 0.02 0.6 
Yugoslavia 0.93 48 30 1.0 1.0 41 40 4.9 3.1 

USSR 57.69 930 1 617 58.6 59.3 312 315 1.6 2.7 

Asia 17.11 6 17.1 133 0.04 

Israel 0.21 0.1 0.2 45 0.1 
Japan 16.90 6 16.9 137 0.04 

Oceania 4.19 32 4.2 209 0.8 

Australia 3.52 31 3.5 212 0.9 
New Zealand 0.68 1 0.7 199 0.1 

Notes:
 a
 FW = fuelwood;

 b
 est = BUN estimate. Assumptions: 1 tonne of oil (toe) = 42 GJ; 1 GJ = 10

9
 joules; Biomass/fuelwood = 15 

GJ/tonne and air dry (20% moisture); Column 6 shows data gained independently from the FAO (UN); data from the Biomass Users 
Network (BUN) for selected countries; it should be noted that fuelwood in this Table is equivalent to the FAO's definition of fuelwood + 
charcoal only. Column 11 shows total commercial energy consumption including FAO fuelwood data. 

Sources: UN, Energy Balances and Electricity Profiles 1988; UN, Energy Statistics Yearbook 1987; FAO, Forest Products Yearbook 1989; 
OECD, World Energy Statistics and Balances 1985-1988; BP, Statistical Review of World Energy 1990. 

know the extent of biomass-use and regeneration. 

In weighing energy options for the future we will 

increasingly factor in environmental a spec t s .
16
 It is 

this favourable aspect of biomass energy compared 

to fossil and nuclear fuels, coupled with the ability to 

produce modern and traditional fuels in a decentral-

ized manner , which makes bioenergy so important 

to analyse carefully. If we wish to go a step further to 

sequester C 0 2 in biomass and then use the biomass 

as a substitute for fossil fuels there may be consider-

able economic and environmental benefits. 

BIOMASS RESOURCES 

It is relatively easy to obtain countrywide data 

3 8 



(albeit imperfect) on standing biomass resources but 
annual yields are very difficult to obtain for natural 
vegetation, especially in developing countries. Since 
trees outside the forest also form the main source of 
biomass for most rural people we have an even 
greater p rob lem trying to es t imate sustainable 
y ie lds .

1 7
 Once we at tempt to factor in access to 

biomass and site specific yields it becomes evident 
that generalizations on biomass availability are very 
difficult. 

With these caveats in mind Tables 3 and 4 should 
be used only as a rough indication of the fuelwood 
and residue availabilities and the theoretical poten-
tial they may play in providing a country's energy 
needs based on varying yields and residue-use. More 
detailed analyses have been prepared for a recent 
s tudy .

1 8
 We aggregated energy-use (biomass and 

commercial) dependent on population and land area 
and calculated energy requirements based on the 
present developing country average (35GJ/capita) 
and twice this, but still only half the West Europe 
average of 140GJ/capita. The land areas required to 
provide 35GJ per capita at biomass yields of 2, 5 and 
10 t/ha/year are then calculated. Thus Tanzania 
would have to use 13% of its land area at a yield of 5 
t/ha to provide all its energy requirements from 
biomass, while Nepal would require 59% of its land. 
The yield scenarios span a median range but exclude 
tropical plantations which can attain 20-25 t/ha/year 
and exclude semi-arid regions where yields can be 
less than 1 t/ha/year. 

Table 3 incorporates information of recoverable 
residues and also the areas of crop and forest lands. 
It shows that Tanzania, for example, could more 
than satisfy its present energy needs if it used 10% of 
its crop, forest and pasture land with yields of 5 
t/ha/year; or if it used a quarter of its residues along 
with 5 t/ha yield on all its lands it would then need 
only 1 1 % of its land area to satisfy its energy 
requirements. 

Obviously these are theoretical calculations which 
gloss over the many country, regional and site 
specific problems of achieving such goals. They do , 
however, emphasize the potential which many coun-
tries have to provide a substantial proport ion of their 
energy from biomass produced in a sustainable 
manner for both modern and traditional biofuels. 

What these types of analyses miss is the issue of 
on-farm and village trees which are nearly all grown 
for multiple purposes, of which fuelwood is only one 
component - fodder, fruit, construction materials, 
shade, green manure , medicines, and income gen-
eration are other important benefits of trees. A 
recent s tudy

1 9
 of trees associated with a south Indian 

Biomass Energy 

3 9 

village (area 360 ha and 1 047 people) showed that 
there were 35 trees/ha with only 57 species evident. 
Fuel-only trees accounted for 4 % of the trees, with 
twigs of all species being used as fuels. Interestingly 
the study showed that coconut plants are not 
counted as ' t rees ' and also that increasingly trees are 
being felled for sale to urban traders. This is a 
complex area of study but will become much more 
important as urban demands for fuelwood, charcoal 
and industries increase. How villages adjust to these 
new opportunit ies and problems in integrating agri-
culture and tree growing will be crucial to sustaining 
their env i ronment s .

2 0 

If biomass is to play a major role in the energy 
economy, strategies for sustaining yields over large 
areas and long periods are n e e d e d .

2 1
 The experience 

of sustaining high sugar cane yields over centuries in 
the Caribbean and in countries like Brazil, suggests 
that this will be feasible, but good management 
practices and new research are required to achieve 
this goal. 

Achieving sustainable production and maintaining 
biological diversity may require polycultural 
strategies, eg mixed species in various alternative 
systems can usually accommodate a variety of feed-
stocks. At present , however, monocultures are 
favoured for energy crops, in large part because 
management techniques in use today tend to be 
adapted from monocultural systems for agriculture. 
Polycultural management techniques warrant high 
priority in energy crop R & D . 

The availability of high yielding clones should be 
seen as an excellent opportunity to improve yields 
overall and not as a problem of excessive uniformity. 
Much genetic diversity among tree species is pre-
sently available so that a mosaic of unrelated clones 
and mixed species is frequently the safest strategy 
for long-term sustainable yields. A poor strategy 
would be to use a mixture of only 2-3 clones. This 
should be combined with a re-examination of such 
practices as pollarding and more effort on optimizing 
coppicing practices since they markedly decrease 
land preparat ion and soil disturbances. In both arid 
and moist environments there are often distinct 
advantages to maintaining soil cover and/or water 
retention at certain times of the year, eg dry and 
monsoon seasons, and this will be reflected in long-
term yields. Water management strategies have 
generally been neglected in the past but are crucial 
to plant production especially where irrigation is not 
practiced. 

While net biomass energy yields for short rotation 
tree crops are typically 12 times energy inputs, it is 
desirable, both economically and environmentally, 
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to try to reduce energy inputs. For example, the 
nutrient status of afforested lands might be main-
tained by recycling nutrients and by choosing suit-
able mixed species and clones. The promise of such 
strategies is suggested by 10-year trials in Hawaii , 
where yields of 25 dry tonnes/ha/year have been 
achieved without N-fertilizer when Eucalyptus is 
interplanted with N 2-fixing Albizzia t r e e s .

2 2 

Research can lead not only to improvements in 
present techniques for producing energy crops but 
also to new approaches. For example, long-term 
experiments in S w e d e n

2 3
 have shown that: (1) in 

most forests trees grow at rates far below their 
natural potential; (2) nutrient availability is usually 
the most important limiting factor; and, (3) optimiz-
ing nutrient availability can result in four- to six-fold 
increases in yield. Under nutrient-optimized condi-
tions all tree species investigated have behaved 
similarly to C 3 crop plants with about the same total 
biomass yield per unit of light intercepted by the 
leaves during the growing season. Growing trees 
under nutrient-optimized conditions thus makes it 
possible to achieve high yields with existing species 
and clones, so facilitating the incorporation of pest 
resistance and other desirable characteristics, and 
the maintenance of a diverse landscape mosaic. To 
the extent that croplands and wastelands would be 
converted to energy crops this way, it may be 
feasible not only to maintain but to improve biolo-
gical diversity. An additional advantage of pursuing 
non-nutrient-limited production strategies is that the 
trees thus produced shift a percentage of their 
increased overall yield from roots to above-ground 
production, again similarly to the experience with 
agricultural crops. 

Nutrient-induced yield increases can be achieved 
without nutrient leaching when good management is 
practiced. But achieving sustainable high yields this 
way requires implementation techniques being de-
veloped for matching nutrient applications to the 
time-varying need for nutrients. Thus , slow-release 
fertilizers are being used practically and in extensive 
trials in Japan and Sweden, for example. 

CONVERSION AND END PRODUCTS 

The great versatility of biomass as a feedstock is 
evident from the range of wet and dry materials 
which can be converted into various solid, liquid and 
gaseous fuels using biological and thermochemical 
conversion processes (Table 5). This makes it unique 
amongst carbon feedstocks. Details of these pro-
ducts and processes are given in numerous mono-

Biomass Energy 

Table 5. Biomass conversion product examples dependent on 
feedstock. 

Energy form 
Feedstocks Solid Liquid Gaseous 

Wet Briquette Ethanol Biogas 
Dry Fuelwood Methanol Producer gas 

graphs and articles and will not be repeated h e r e .
2 4 

Examples of solid fuels are wood, charcoal, crop and 
forestry res idues, agro-industrial and municipal 
wastes and briquettes. Biomass-derived liquids are 
mainly ethanol , some vegetable oils, and methanol 
(in theory only these days and not very much in 
practice). Gases are mainly biogas from anaerobic 
digesters, while now experiencing a rennaisance are 
gasifier-produced gases which can be used for elec-
tricity generation and possibly in the future coupled 
to efficient gas turbines which benefit from the 
favourable properties of biomass such as low sulphur 
and react ivi ty .

25 

In the production and use of biomass the aim 
should be to optimize the productivities and energy 
efficiencies at all stages. It makes little sense to strive 
for high yields in the production, harvesting and 
storage phases if the conversion efficiency of the 
feedstock into a useful energy carrier is not optimal. 
Thus stoves and boilers, for example, should ideally 
be as efficient as practicable, the fermentation pro-
cess to produce ethanol and biogas should be opti-
mized, and efficient gas turbines should be used 
instead of steam combustion systems for the genera-
tion of electricity and/or heat . Thus we are advocat-
ing that the biomass energy system be made as 
efficient as possible from start to finish. This is 
obviously not novel but is very rarely done with 
biomass energy systems for many reasons which 
have to do with the historically poor status of 
biomass R , D & D and its neglect by planners and 
development agencies. Biomass energy systems have 
thus found it very difficult to adapt to changing 
socioeconomic and environmental pressures. Fortu-
nately, this is now changing somewhat so there is an 
opportunity to use biomass efficiently for the pro-
duction of modern energy carriers such as electricity 
and liquid fuels, and to improve the efficiencies 
associated with traditional biomass fuels such as 
wood and charcoal. 

CASE STUDIES - SUCCESSES AND 
FAILURES 

Since the recognition of the importance of biomass 

4 3 
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successes and failures of projects except by pro-
longed and repeated local visits and discussions over 
an extended period and interacting with diverse 
groups associated with a project. If this is not done 
conscientiously, and shortcuts to evaluation are 
under taken, what is concluded about a particular 
project and the generalizations made therefrom can 
be biased and widely off-target. 

From this author 's own experiences and biases 
with biomass projects, the importance of early in-
volvement by and benefits to the local people, the 
essentiality of flexible aims and optimum local con-
trol, a long-term approach, and multiple benefits, all 
stand out as being essential to success. If these key 
requirements are not recognized by donor and/or 
implementing agencies (and they very often are not) 
much money will be lost and much distress to the 
people and environment caused. 

ECONOMICS 

The following examples are taken from a large 
s t udy

2 8
 of 22 biomass energy projects in 12 develop-

ing countries but should not in any way be construed 
as representing all the possible data which is avail-
able. We also included some data on projects in five 
developed countries which may be of more general 
relevance. The detailed analysis of biomass energy 
availability and cost targets for the USA are espe-
cially interesting (Table 6) given the projected coal 
costs of $1.8/GJ in the next century. 

The criteria for selection we have used were that 
as much economic data as possible was available in a 
disaggregated form and/or the projects had been 
operating for some years (the longer the bet ter) . As 
will be seen there are very few operating projects 
which fulfill both these requirements . Indeed the 
only operating technologies in specific cases which 
allow reasonably extensive analyses are ethanol , 
energy plantations, charcoal, biogas, and possibly 
gasification in developing countries, and in de-
veloped countries some programmes for producing 
ethanol , electricity from wastes and residues, short 
rotation forestry, and possibly biogas. 

Three categories of technologies can be distin-
guished with differing economies. First, programmes 
which are presently commercial such as ethanol can 
be analysed in both developing and developed coun-
tries and some general conclusions can be drawn. 
These are the necessity for good yields, both in the 
production and conversion phases, and the necessity 
for considering all economic factors such as import 
substitution, energy security, subsidies, export poli-
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energy in the early 1970s, there have been many 
schemes and projects to help alleviate the shortages 
of biomass and to use wastes and residues and other 
biomass to provide biomass fuels of different types 
to rural and urban dwellers and to agriculture and 
industry, and in both developing and developed 
countries. 

Dur ing this 20-year period there have been 
numerous proclamations of failure and success 
which need examinat ion to de te rmine whether 
general lessons can be learnt and then used in future 
implementation strategies. Failures have been attri-
buted in the area of fuel-efficient stoves, biogas, 
gasifiers, rural electrification, fuelwood plantations, 
agroforestry, hydrocarbon plants, and doubtless 
others. Much of the criticism of such programmes 
has been warranted and has certainly helped focus 
attention on their shortcomings and previous uncri-
tical accep tance .

2 6
 In a number of instances such 

analyses have made recommendations for improve-
ment which have benefited the further stages of 
development of these technologies .

2 7 

The designation of a successful project must be 
seen as relative to past failures and not imply that all 
is acceptable for any specific programme. Ideally a 
successful biomass programme should show sus-
tainability, replicability and flexibility and also be 
economic when all costs and benefits are considered, 
especially externalities. The following list of 'succes-
ses' is probably contentious and each project can be 
criticized for a number of problems. Included in my 
personal list are the alcohol programmes in Brazil 
and Zimbabwe; electricity generation in California; 
straw-use and biogas in Denmark ; landfill gas in the 
UK and USA; gasifiers in Finland, Mali and parts of 
India; stoves in Kenya; coconut residues in Sri 
Lanka; fuelwood in Nepal; eucalypts in Hawaii , 
Ethiopia and Brazil; willows in Sweden; agroforestry 
in Rwanda and Gujurat ; bagasse in Mauritius; de-
graded land rehabilitation in Kenya; charcoal in 
Brazil; and municipal waste in Japan and Germany. 

In evaluating biomass projects there are a number 
of generalizations which may be derived from past 
experience. They mainly evolve around the problem 
that biomass production requires land and t ime, that 
socioeconomic interactions with biomass production 
and use can be complex, and that it requires patience 
to understand biomass projects if sustainable and 
robust conclusions are to be drawn. 

As a generalization I conclude that one should 
never believe any claims (written or verbal) pertain-
ing to deve lopmen t projects whe ther they be 
biomass, agroforestry, forestry or whatever. There is 
ideally no shortcut to trying to understand the 
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Table 6. Potential biomass supplies for energy in the USA as estimated by the Oak Ridge 
National Laboratory. 

Feedstock 

Residues 
Logging residues 
Urban wood wastes and land clearing 
Forest manufacturing residues 
Environmentally collectible agricultural 

residues 
Municipal solid waste and industrial 

food waste 
Animal wastes 
Subtotal 

Net raw biomass 
resources

3 

(EJ/year) 

0.8 
1.2 
2.1 
2.0 

2.4 

0.5 
8.9 

Cost ($/GJ)
c 

Current Target 

> 3 
2 
1 

1-2 

2-3 

< 4 

< 2 
2 

< 1 
1 

< 1.5 

3.5 

Biomass from existing forest 
Commercial forest wood 4.5 < 2 < 2 
Improved forest management 4.5 < 2 
Shift 25% of wood industry to energy 0.5 2 2 
Subtotal 9.5 

Biomass from energy crops 
Agricultural oil seed 0.3 
Wood energy crops 3.2 3 2 
Herbaceous energy crops 

Lignocellulosics 5.5 4 2 
New energy oil seed 0.4 

Aquatic energy crops 
Micro-Algae 0.3 
Macro-Algae 1.1 3.5 2 

Subtotal 10.8 

Total 29.3
b 

Notes:
 a
 These are biomass supplies net of estimated losses in production and handling, 

before conversion to fluid fuels or electricity. 

Source: W. Fulkerson et al, Energy Technology R&D: What Could Make a Difference? 
A Study by the Staff of the Oak Ridge National Laboratory, Vol 2, Supply Technology, 
ORNL-6541/V2/P2, Oak Ridge National Laboratory, TN, USA, 1989, Table 2.4-3, 
ρ 85, December 1989; Hall, Mynick and Williams, op cit, Ref 21. 

cy, etc; social and land-use policies must also be 
considered. Other technologies which fall into this 
first category of commercial viability are charcoal, 
electricity from wastes and residues, and possibly 
short rotation forestry (including fuelwood energy 
plantations in some instances). However , these tech-
nologies are not necessarily all sustainable in an 
environmental sense or viable without subsidies in 
certain forms. 

A second category of technologies are those such 
as biogas, stoves, gasification and briquetting where 
demonstrat ion and dissemination programmes have 
been underway for many years but they are not yet 
always sufficiently robust to operate commercially. 
They can be considered as being at the ' take off 
stage but may not necessarily be successful either 
universally or in specific instances. Much will de-
pend on local policies and on international energy 
factors. 

The third category which has scarcely been analy-

sed economically are projects such as those to re-
habilitate degraded areas and/or to provide biomass 
in its various forms to local people. Examples are the 
various social forestry and agroforestry

29
 projects 

such as the Baringo Fuel and Fodder p ro jec t
3 0
 and 

the Nepalese Community Forestry P r o g r a m m e
3 1 

which are definitely not economically viable when 
considered by conventional criteria, even though 
they may have been operating for many years. The 
problems associated with such projects are legion 
and cannot be considered in this analysis even 
though they are crucial to many parts of the world. 

How do you pass from categories three to two and 
from two to one? The most complex is with the third 
category where socioeconomic and land-use prob-
lems are diffuse while also being of overriding 
importance. Long-term funding is essential if any 
success is possible which will allow the techniques 
and technologies of project implementation to be 
sustainable and also to encourage replicability. Con-

4 5 
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exports and 8 5 % of total employment. About 94% 
of the land under cultivation is operated by indi-
vidual farmers with landholdings averaging two hec-
tares or less. The agricultural population is concen-
trated in the high-rainfall highland areas which are 
subjected to serious soil erosion. Forest cover is now 
reduced to 3 % of the country. 

Ethiopia has a long tradition and experience in 
plantation forestry, dating back to the end of the 
19th century. The existence of Addis Ababa as a 
capital was threatened by a developing fuel shor-
tage, due to overcutting of natural forests. As a 
potential solution, eucalyptus were introduced into 
the country in 1895. The introduction was a success 
and early in the 20th century plantations of euca-
lyptus for fuel were initiated on a large scale. The 
farmers around Addis Ababa adopted the new spe-
cies for fuelwood and started planting their own 
woodlots, and also larger plantations. For almost 
100 years small-sized eucalyptus wood has been 
highly appreciated by rural and urban dwellers both 
as a fuel and as light-scale construction poles. 

The fuelwood plantation forestry around Addis 
Ababa , as well as around almost every major Ethio-
pian city, developed steadily until the 1970s. Planta-
tions, mainly with Eucalyptus globulus, were estab-
lished on more than 100 000 ha (15 000 ha around 
Addis A b a b a ) . Approx 20 000 ha are planted 
annually compared with an estimated nationwide 
deforestation rate of 200 000 ha. The total planta-
tion area in Ethiopia was about 310 000 ha in 1985 .

3 4 

Establishment of additional plantations with the 
main emphasis on fuelwood began to be considered 
during the energy crisis of the 1970s. In Ethiopia the 
biomass fuels are mainly fuelwood, charcoal, cow 
dung and crop residues. The annual amount of wood 
harvested for household fuels totals 18.8 M m

3
. In 

sustainable forestry this amount of wood corres-
ponds to about 1 M ha of well-managed, productive 
eucalyptus plantations, or alternatively about 5 M 
ha of indigenous forests. Recognizing the worsening 
fuelwood shortage, the government announced a 
reforestat ion p rogramme in the Ten-Year Plan 
(from 1985 to 1995) which called for 2.9 M ha of land 
to be planted for fuelwood, especially Eucalyptus 
globulus.

35 

T h e u l t ima te goal of energy p lan ta t ions in 
Ethiopia is to substitute all the currently burned cow 
dung and crop residues, about 3.5 mtoe and 2.5 
mtoe respectively, with fuelwood. This required an 
additional 24.7 M m

3
 of wood; if all cow dung and 

crop residues were to be replaced by fuelwood, the 
annual demand for fuelwood will increase to about 
45.5 M m

3
 annually. The area required for new 

4 6 

vent ional economic paybacks are usually very 
tenuous so making it difficult to progress to the 
second category where economic criteria become 
much more important. 

In the second category there start to be chances 
for entrepreneurs to operate and for costs to decline 
in relation to technical improvements. Thus stoves 
can be improved, their costs reduced and marketing 
improved. Biogas digesters can be constructed with 
designs for lower cost and easier maintenance and an 
infrastructure for technicians and builders estab-
lished. Such technologies still usually require some 
form of subsidies and/or aid but the social costs and 
benefits are much more clearly seen compared to 
category three. The policy and institutional changes 
required for wider dissemination are also more 
clearly discerned and thus decisions are more easily 
taken and maintained. 

The first category which includes ethanol, electricity 
and others, is far easier to analyse, albeit the conclu-
sions of such analyses are frequently hotly debated, 
eg the Brazilian alcohol p r o g r a m m e .

3 2
 Generally the 

debate revolves around the extent of subsidy (if it 
exists) which is required to make these biomass 
energy systems economically viable in the conven-
tional sense. If 'externalities' such as employment , 
import substitution, energy security, environment 
and so on, are also considered then the economics 
change usually in favour of the biomass systems. The 
technologies used in this category are often univer-
sally available so that technology transfer to opti-
mize production and conversion can be quite easy -
given the appropriate institutional structure and 
financial incentives, especially in comparison with 
fossil fuels. Indeed, a number of developing coun-
tries could relatively easily adapt and improve the 
technologies for these so-called modern biofuels, eg 
efficient ethanol distillation plants with low 
effluents, and biomass gasifiers plus turbines for 
electricity.
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Thus, we can conclude that the options for pro-
ducing and using biomass as a source of energy are 
numerous. The problems generally lie in the ability 
to have good productivities on a sustainable basis to 
provide energy and other benefits which are desir-
able from economic, social and environmental view-
points. Generalizations are difficult and can only be 
derived from individual case studies which have 
been carefully analysed over long time periods. 

Ethiopia: eucalyptus plantations 

Ethiopia is one of the least developed countries in 
the world. The country's main potential lies in 
agriculture which represents 40% of G D P , 90% of 



plantations is about 3 M ha. Taking into account the 
population growth rate of 2 . 9 % , based on a total 
population of 42 M in 1985, the overall demand for 
fuelwood will rise by the year 2000 to 66.8 M m

3
/ 

year. The required plantation area would be around 
4.5 M ha, assuming the fuel consumption rate does 
not change. In addition, about 1.2 M m

3
 of wood is 

consumed annually by the industrial sector. 
Pohjonen and P u k k a l a

3 6
 have analysed the cost of 

Eucalyptus plantations in the central Highlands. 
Their economic analysis is based on computer 
simulations which covered a seedling rotation and 
three successive coppice rota t ions . Calculations 
were carried out for four site productivity classes of 
plantations. The rotation length that maximizes the 
land expectation value is 12 to 20 years for seedling 
rotation and 8 to 16 years for coppice rotations with 
discount rates between 2 to 8%. The mean wood 
production is over 40 m

3
/ha/year in the best site class 

and about 10 m
3
/ha/year in the poorest class, with 

rotation lengths ranging from 10 to over 20 years. 
The internal rate of return ( IRR) is between 18 to 
2 0 % , which well justifies the production of fuelwood 
from Eucalyptus in Ethiopia. 

Brazil: charcoal 

Charcoal production falls into three main categories: 
1) subsistence producers who only market charcoal 
to acquire cash; economics and cost control are 
generally of little interest to this group. In many 
countries subsistence-produced charcoal is a major 
part of total charcoal production; 2) this group 
produce and sell charcoal as a business in which the 
circulation and growth of the capital invested in the 
business is their main concern; and, 3) the produc-
tion of charcoal on a large scale for industrial 
purposes for example in Brazil for the steel indus-
tries. 

To set up a medium- or large-scale commercial 
charcoal project requires a team of professionals 
who must cover the fields of forestry, engineering, 
technology of the production process, economics 
and marketing. Commercial production of charcoal 
is thus a complex task. There are numerous studies 
of charcoal conversion efficiencies and costs. 

Brazil is the world's largest producer of charcoal 
with about 44.8 M m

3
 (11.6 mtoe) in 1989. The main 

producer is the state of Minas Gérais with about 30.3 
M m

3
 followed by Sâo Paulo and Rio de Janeiro with 

1.9 M and 1.6 M m
3
, respectively. Charcoal is mainly 

used in the pig iron and steel industries which 
consumed 7.1 mtoe of charcoal in 1989. The char-
coal industry employed over 267 000 people in 1989 
and generated about $5 bi l l ion.
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Due to the particular combination of natural 
resources available in Brazil, particularly in Minas 
Gérais , charcoal-fired iron and steel production has 
been profitable, and is likely to remain attractive as 
long as wood is available and some kind of govern-
ment incentives remain. 

Charcoal production from 1979 to 1988 increased 
nearly twofold from natural forests and nearly four-
fold from plantations. Tax credits for industries 
which invest in reforestation, and the legal require-
ment that companies using fuelwood must develop 
plantation areas, have resulted in extensive planting; 
more than 1.9 M ha has been replanted in Minas 
Gérais alone in the past 20 years. However , many of 
the early plantations were initiated by industries 
solely in order to gain tax benefits or to comply with 
reforestation laws with the result that they were 
poorly managed in many instances and have yields of 
less than 15 tonnes/ha/year. More recent plantations 
which are better managed can produce 15-30 tonnes/ 
ha/year, or even higher yields. 

If plans for Brazil's Grande Carajas Programme in 
Amazonia go ahead, an additional 2.3 to 3.0 Mt of 
charcoal would be needed for the pig-iron plants and 
could potentially cause serious ecological problems. 
A n d e r s o n

3 8
 estimates that the charcoal-consuming 

industries in the eastern Brazilian Amazon (now 
being established or planned) would require over 14 
Mt of fuelwood which will be supplied primarily by 
native forests. Because the prospects for sustained 
management are considered unlikely, Anderson 
calculates that over 1 500 k m

2
 of forest land could be 

destroyed for fuelwood production annually, thus 
exacerbating regional deforestation and environ-
mental degradation. 

To meet Brazil's industrial demand for charcoal 
up to the year 2000, would require an additional 
287 000 to 353 000 ha/year planted at an estimated 
cost of between $2.8 to 3.4 billion. Charcoal demand 
in Minas Gérais alone will increase to about 8 Mt in 
2005. This growing demand for charcoal exceeds the 
sustainable yields of local forests, and could create 
substantial wood shortfalls. The result of such a 
scenario could be widespread deforestation and the 
collapse of the state's charcoal-using industries. If 
projected demand is to be met , this would require 
roughly doubling the planted area in the next decade 
which may lie be either socially or economically 
feasible. Thus a solution may lie in the combination 
of demand reduction for fuelwood, increase in kiln 
efficiency, and wood supply increases. Production of 
charcoal has mushroomed without a significant im-
provement in average efficiency of wood conversion 
to charcoal. The traditional kiln, which accounts for 
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the alcohol revenues. In the latter instance, electric-
ity would become the primary product of sugarcane, 
and alcohol the by-produc t .

4 3 

Globally, an estimated 50 000 M W of B I G / G T 
capacity could be supported using for fuel the sugar-
c a n e p r o c e s s i n g r e s i d u e s t h a t a re c u r r e n t l y 
p r o d u c e d .

4 4
 The potential of electricity production 

from sugarcane residues in the 80 sugarcane produc-
ing developing countries could be up to 2 800 TWh/ 
year, which is about 70% more than the total 
electricity production of these countries from all 
sources in 1987. In India, for example, electricity 
production from sugarcane residues in 40 years time 
could theoretically be up to 550 TWh/year; for 
comparison, total electricity production from all 
sources in 1987 was less than 220 TWh. 

This lengthy introduction serves to put the Mauri-
tius bagasse to electricity plant into perspective and 
show how this decade-long operating experience is 
relevant to programmes now being proposed for 
electricity plus alcohol production on sugar estates in 
many parts of the world. 

The economy of Mauritius is dominated by the 
production of sugar, which still occupies around 
8 8 % of the cultivateable area. Bagasse is playing an 
increasing role in power supply and currently pro-
vides around 10% of Mauritius's electricity require-
ments. Woody biomass supplied approximately 6 3 % 
of all the energy required for household cooking in 
the country - 3.5 (10

6
) GJ in 1988. There is a 

potential for producing 10.2 10
6
 GJ , using the by-

products of the sugar indus t ry .
4 5 

The Flacq United Estate Limited (FUEL) is the 
largest sugar estate in Mauritius with an annual 
average production of 0.7 Mt of fresh cane, and 
79 000 tonnes of sugar. F U E L was among the first 
sugar estates to produce excess steam for production 
of electricity for sale to the national grid in the 
mid-1950s. In 1982, the F U E L sugar estate installed 
a dual fuel, bagasse and coal furnace to produce 
electricity all year around and substantially increase 
its output . A boiler with capacity of 110 t/h, 42 bars 
pressure and a condensing turbine coupled with a 
generator of 21.7 M W led to an average production 
of 75 x 10

6
 kWh of excess electricity (30 x 10

6
 kWh 

produced solely from bagasse during the crop season 
and 45 x 10

6
 kWh from coal); this represents around 

12-15% of the total electricity requirements of 
Mauritius. 

In 1989 the electricity export by F U E L increased 
to 9 4 x l 0

6
 kWh ( 2 6 x l 0

6
 from bagasse and 6 8 x l 0

6 

from coal) representing about 16% of the country 's 
total requirements . In addition the estate consumed 
12 x 10

6
 kWh itself. Details of economic costs are not 
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about 80% of charcoal production in Minas Gérais , 
has an energy efficiency of 49% (ratio of energy 
content of charcoal output to energy content of 
wood input). 

Campos and Tonine l lo
3 9
 have carried out an 

analysis on the financial and economic feasibility of 
charcoal production from forest plantations. At 
charcoal market prices of $120/tonne, plantations 
with a productivity under 18 m

3
 ha/year and with 

transportation costs over 300 km from consumer 
centres, would be uneconomic. (In 1989 prices were 
about $94/toe.) 

Mauritius: bagasse residues 

Agricultural residues in certain regions have a large 
potential for energy production but this potential is 
current ly under-ut i l ized in many areas of the 
wor ld .

4 0
 In wood-scarce areas, such as China, the 

northern plains of India, Bangladesh and Pakistan, 
agricultural residues are often the major cooking 
fuels for rural households. In these areas as much as 
90% of household energy in many villages comes 
from agricultural residues. It has been estimated that 
about 800 million people worldwide rely on agri-
cultural residues and dung. Sugarcane residues 
(bagasse and tops plus leaves - called barbojo) , are 
particularly important and offer an enormous poten-
tial for generation of electricity.

41
 Contrary to the 

general belief, the use of animal manure as an 
energy source is not confined to developing coun-
tries alone, eg in California a commercial plant 
generates about 17.5 M W of electricity from cattle 
manure and in the E E C a number of plants are 
operating. The 9 000 MW of biomass electricity in 
the USA is mostly agriculture and forestry residues. 

Among the advanced technologies for moderniz-
ing bioenergy that could be commercialized in the 
near term, biomass integrated gasifier/gas turbine 
(BIG/GT) technologies for cogeneration or stand-
alone power applications have the promise of being 
able to produce electricity at lower cost in many 
instances than most a l ternat ives .

4 2
 For developing 

countries, the sugarcane industries that produce 
sugar and fuel ethanol are promising targets for near 
term-applications of B IG/GT technologies. 

Depending on the choice of the gas turbine tech-
nology and the extent to which barbojo can be used, 
the amount of electricity that can be produced from 
cane residues could be up to 44 times the on-site 
needs of the sugar factory or alcohol distillery. 
Revenues from the sale of electricity co-produced 
with sugar could be comparable to sugar revenues, 
or alternatively revenues from the sale of electricity 
coproduced with ethanol could be much greater than 



yet available following the installation of an updated 
plant and negotiations with the electricity board. 

China: biogas 

Biogas has the potential for multiple uses eg cook-
ing, lighting, electricity generat ion, running pump-
sets and other agricultural machinery, internal com-
bustion engines for motive power, etc. However , the 
technology of anaerobic digestion has not yet real-
ized its promised potential for energy production. 
This is despite the fact that it could be considered 
one of the most mature biomass technologies in 
terms of the numbers of installations and years of 
use. In industrialized nations biogas programmes are 
often hindered by operational difficulties, a lack of 
basic understanding of the fundamentals involved, 
and little engineering innovation. In some develop-
ing countries, development of biogas programmes 
has lacked urgency because of readily available and 
inexpensive noncommercial fuels such as fuelwood 
and residues. Lack of local skills can also be a 
significant deterrent to optimization and widespread 
acceptance of biogas technology, together with 
costs, even though the advantages of waste treat-
ment are widely recognized. 

For over 50 years the Chinese have struggled to 
develop and diffuse biogas technology. At present , 
China has about five million household digesters in 
working order. Although over seven million have 
been constructed in the past many of them were 
poorly built mainly because during the 1950s and 
1970s quality was sacrificed at the expense of quanti-
ty. Today about 25 million Chinese people use 
biogas mainly for cooking and lighting. A further 
10 000 large- and medium-size biogas digesters are 
working in food factories, wineries, livestock farms, 
etc. Biogas produced in large enterprises is transfer-
red to centralized biogas supply stations, biogas 
motive power stations (there are 422 such stations 
with a installed capacity of 5 849 hp) or biogas 
electric power stations (there are 822 such stations 
with a total of 7 836 kW) . An important characteris-
tic of the Chinese biogas programme is that in 
addition to animal and human dung a major feed-
stock is straw of which about 2 Mt is digested each 
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year. 
Daxiong et al published an economic analysis of 58 

biogas plants in Tongliang (Sichuan) and compared 
this with data produced by other researchers in 242 
biogas plants in Hubei . Their analysis shows a high 
rate of return on investment in biogas and short 
payback periods of between one and four years. 
Capital costs vary from 15 to 40 yuan per m

3
 of 

digester capacity, and the annual gas output varies 
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from about 30 to 40 nrVyear for each m
3
 of digester. 

The annual value of this biogas in terms of savings in 
coal, kerosene, burned biomass, labour and fertiliz-
er varies from about 7 to 16 yuan (Renminbi foreign 
currency units = 371.28 yuan, 20 January 1987). If 
operating costs are included, the internal rate of 
return ( IRR) varies from 59% to 114%. 

Biogas plants in China have been subsidized or 
received low interest loans. Since 1980 the state has 
allocated more than 10 million yuan every year for 
the development of biogas, which represents 200 
yuan for each plant constructed every year. This 
money is spent in improving biogas equipment , 
promot ion, standardization, servicing, training, re-
search on new technology, etc. 

Since 1983 there has been a move toward financial 
self-reliance which has resulted in a reduction in 
subsidies from two-thirds to one-third. This has led 
to a decrease in the construction of biodigesters. 
Although the rate of return remains high, the in-
crease in the initial outlay is a disincentive to users. 

Socioeconomic changes in China are also affecting 
biogas production. Labour is often not available and 
a growing number of peasants prefer to buy privately 
sold coal than to use biogas, because they believe 
they save valuable time which they can spend on 
more lucrative work. 

This changing situation seems to indicate that 
production and management of biogas will become 
more centralized and industrialized for both rural 
and urban areas and that it will be used as part of an 
integrated production system. In this way, advanced 
technology could be used to increase production and 
financial returns and thus will have greater appeal to 
peasants. Energy shortages thus may be one of the 
fundamental motives for the continued development 
of biogas. 

Brazil: ethanol 

Global interest in ethanol fuels has increased con-
siderably over the last decade despite the fall in oil 
prices after 1981. A number of countries have 
pioneered both large- and small-scale ethanol fuel 
programmes. Worldwide fermentation capacity for 
fuel ethanol has increased eightfold since 1977 to 
about 20 billion litres/year in 1989. Bioethanol fuel is 
produced on a large scale in Brazil and the U S A .

4 7 

The current U S A fuel ethanol production capacity 
is over 4.6 billion litres and there are plans to 
increase this capacity by more than 2.3 billion litres. 
However , doubts remain as to the future direction of 
this industry due to the controversy regarding 
cos t s .

4 8
 Highly variable maize and byproduct prices 

and the wide variations in final ethanol costs among 
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it competitive with gasoline even at pre-August 1990 
oil prices. With the BIG/ISTIG turbine systems for 
electricity generation, Ogden et al calculated that 
while producing cost-competitive ethanol the elec-
tricity cost would be less than $0.045/kWh. If the 
milling season is shortened to 133 days to possibly 
make greater use of the barbojo the economics 
become even more favourable. 

USA: woody biomass 

Research on short rotation woody crops (SRWC) in 
the USA was initiated in the mid-1960s, with major 
improvements in the technology largely secured over 
the past 10 years through numerous experimental 
trials. Most of this work has been funded by the 
U S D O E and some by the US Depar tment of Agri-
culture. Additional research is also being performed 
on herbaceous crops for biomass ene rgy .

5 4 

In order to encourage the commercialization of 
S R W C , the economics of plantation systems are 
being evaluated over two general stages of research: 
first, feasibility studies of proposed commercial-
sized systems; and, second, the scale-up analysis of 
actual commercial plantations. This latter effort 
includes economic and viability trials of 20 ha or 
larger of monoculture plantations established in 
several research institutions and private companies 
through cost-sharing programmes. 

In the case of poplar hybrid plantations, the 
proposed design of the SRWC system centres on 
good agricultural sites at a density of 2 100 trees/ha, 
projected to yield an average of 16 tonnes (oven dry) 
ha/year. The estimated costs for individual opera-
tions and the delivered cost of wood chips have been 
calculated. The final budget reflects the establish-
ment requirements of an agricultural site having 
good aspect and soil qua l i ty .

5 5
 Strategies for disease 

and weed control have to be considered for long-
term production. 

Total delivered cost of wood chips from poplar 
p l a n t a t i o n s a m o u n t s to $56 .36 / tonne (1990$) , 
equivalent to $2.9/GJ. Production costs account for 
$17.30; harvesting $8.45; transport $9.61; and stor-
age and drying for $17.85. The single most important 
component is land price at $1 800/ha, which repre-
sents a typical value for a good maize production 
site. 

Earlier estimates of the delivered cost for S R W C 
were in the range of $3 to $4.10 GJ (1985$) using 
then available technology. When possible technolo-
gical advances in tree breeding and selection, cultu-
ral management , and harvesting are considered, the 
delivered cost could be reduced to $2/GJ for all 
regions of the U S A . These estimates compare 
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existing plants over time highlight the non-subsidy 
aspects of the costs controversy. For example, from 
1980 to 1987 maize prices have varied from $1.41 to 
$3.16 bushel, while byproduct sales recouped as 
little as 30% of maize costs for dry milling to 90% of 
the cost of maize for wet milling. The calculated full 
cost of production from stand-alone plants has 
ranged from as low as $0.19/litre to about $0.38/litre 
from 1980 to 1987. Ethanol is cost competitive as a 
fuel blending agent with existing Federal excise tax 
exemption, with maize costs of $2.00/bushel, and 
with byproduct recovery of 50% of the cost of maize, 
if oil prices are $20/bbl or more. Without the Federal 
subsidy, crude oil prices must be at least $40/bbl for 
ethanol to be competitive according to LeBlanc et 
al
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Brazil has the world's largest bioethanol pro-
gramme. Since the creation of the National Alcohol 
Programme (ProAlcohol) in 1975, Brazil has pro-
duced over 90 billion litres of ethanol from sugar-
cane. In 1989, 12 billion litres of ethanol replaced 
about 200 000 barrels of gasoline a day and almost 
five million automobiles run on pure bioethanol and 
a further 9 million cars run on a 20 to 22% blend of 
alcohol and gasoline. The ethanol industry is esti-
mated to have created 700 000 jobs and many more 
indirect ones. Despite many studies which have been 
done on nearly all aspects of the programme, there is 
still considerable disagreement with regard to the 
economics of ethanol production in Brazil; this is 
because there are so many tangible and intangible 
factors to be taken into considera t ion .
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The average cost of ethanol produced in Sâo 
Paulo State is currently (1990) about $0.185/litre. At 
this price, ethanol could compete successfully with 
imported oil if the international price of oil was 
$24/bbl.
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 Ethanol production costs have fallen 4 % / 

year due to major efforts to improve the productivity 
and economics of sugarcane agricultural and ethanol 
production. Z a b e l
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 estimated that the cost of etha-

nol could be reduced by the year 2000 by 17% to 
$0.16/litre from the current estimated cost of $0.20/ 
litre. This is equivalent to $32/bbl gasoline, in Sao 
Paulo. Others have concluded that ProAlcohol is 
economically feasible with both basic and high pet-
roleum prices. However, in their low petroleum 
price scenario the analysis indicates that it would be 
m o r e e c o n o m i c a l to use gaso l ine ins tead of 
e t h a n o l .
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The costs of ethanol production could be further 
reduced if sugarcane residues, mainly bagasse were 
to be fully utilized. With sale credits from the 
residues, it would be possible to produce hydrous 
ethanol at a net cost of less than $0.15/litre, making 



favourably with projected coal prices for the year 
2000, which are forecast to range from $2.25 to 
$2.40/GJ for industrial and commercial users. 

In the USA biomass generated electricity has 
b e c o m e increas ing ly i m p o r t a n t ove r the last 
d e c a d e .
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 There are 9 G W of biomass electricity 

generating plants already in operat ion. Biomass 
energy of all types supplied nearly 4 % of the total 
USA energy consumption equivalent to about 1.4 
mboe/day, equal to hydroelectricity and almost as 
much as nuclear power, biomass could easily provide 
2 mboe/day or more by the year 2005. 

Sweden: woody biomass 

In 1987 biomass energy-use in Sweden was equiva-
lent to 65 TWh (234 PJ/year) , representing about 
14% of total primary energy consumption. There are 
plans which may increase the use of biomass up to 
50% of total energy supply if there are politically 
directed changes concerning stopping the use of 
nuclear energy by 2010 and diversifying away from 
certain fossil fuels. National energy policy calls 
explicitly for greater use of indigenous and renew-
able sources of energy, particularly biomass energy. 
For example, in January 1991 the Swedish Govern-
ment announced a five-year SEK3.8 billion (approx-
imately $675 million) programme to develop alterna-
tive sources of energy, of which SEK1 billion 
(approximately $179 million) will be expended on 
energy from b iomass .
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 The potential sustainable 

production of biomass energy is estimated to be 
some 730 PJ/year, about three times its current use. 
Details are available of current and estimated poten-
tial use of biomass energy and costs and also specific 
costs for willow plantations. The equivalent of about 
360 PJ/year are generated today as forest residues or 
industrial byproducts, 60% of which are currently 
used for energy. Short-rotation energy plantations of 
willow and poplar t rees, currently under develop-
ment , could provide an additional 300 PJ /yea r .
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At the end of 1990 the total area of willow 
plantations on farmland was close to 2 000 ha and it 
is expected to reach 10 000 ha during 1993. In the 
next two decades as much as 300 000 ha may be 
planted with an energy potential of 15-20 TWh, an 
addition of about 3 -4% to Sweden's energy needs. 
According to L e d i n
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 the establishment of energy 

forests on farmland will receive a direct subsidy of 
SEK10 000/ha ($1 800). In addition there will be a 
subsidy during 1991 of SEK9 000/ha ($1 600) for 
conversion from cereals to alternative production, 
which will be lowered to SEK6 000/ha ($1 100) and 
SEK4 000/ha ($700) in 1992 and 1993, respectively. 

The present market price of wood chips from 
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forestry residues, about $3.4/GJ (1978$), reflects the 
current costs of recovering the residues separately 
from other forest-industry feedstocks (pulpwood 
and lumber) . Integrating and recovery processes 
would lower the cost for such chips to $2.0-2.6/GJ. 
The cost of industrial byproducts (bark and sawdust) 
would be for handling and transport , implying essen-
tially zero costs for on-site use. Wood chips from 
short-rotation energy plantation are estimated to 
cost $2.4 to 3 .4 /GJ .
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UK: straw 

Biofuel production in the UK is small, approximate-
ly 1% of primary energy consumption, but could be 
significantly greater. The U K Depar tment of Energy 
( U K D O E ) considers five biomass technologies as 
being cost-effective in 1988: solid fuels from dry 
domestic, industrial and commercial wastes; solid 
fuels from straw; solid fuels from wood wastes and 
forest thinning; gaseous fuels from wet wastes; and 
gaseous fuels as landfill gas. These total a potential 
of about 8.8 mtoe of heat energy representing over 
3 % of current UK energy demand. 

For example, the U K D O E has a programme to 
develop straw as a fuel - the country produces about 
14 Mt of straw annually and half of this has usually 
been burnt in the field, a practice which will be 
banned from 1993. The aim is to use up to 1 Mt of 
straw by the year 2000 in partly modified boilers; at 
present only 166 000 tonnes of straw is used on farms 
as fue l .
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Straw is by no means a free source of fuel and the 
delivered costs can be relatively high. Generally 
straw in the field costs around £4 to £8/tonne (appro-
ximately (1990) $7.6 to $15.2) but by the time it is 
baled for on-farm use this has risen to £18 and 
£22-28 for industrial use ($2 .5 -3 .1 /GJ) .
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The lower cost of straw compared to coal is counter-
balanced by the relatively high cost of straw burning 
boilers which are generally more expensive than 
equivalent coal-fired equipment ; this is because 
straw requires boilers with a high space volume and 
also the need to purchase bale conveyors and shred-
ders. For farm-scale combustion systems (up to 300 
kW) , straw at on-farm prices can be competitive 
with coal at £70/tonne. Other sources indicate that 
straw can provide the lowest cost heating to the U K 
cereal growing farmer, about £0.85/kWh against 
£1.68 of natural gas and £1.67 for oil (1986 prices). 

At Needham Chalks Co near Ipswich straw com-
bustion has been shown to be economic in a rural 
industry given certain fuel oil prices. A 7 M W 
furnace using 2 000 tonnes of chopped straw per 
year is being used to dry 45 tonnes of chalk per hour. 
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ENVIRONMENTAL ISSUES 

T h e w o r l d is f ac ing s e r i o u s e n v i r o n m e n t a l 
p rob lems ,
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 from erosion to pollution to climatic 

changes, which may have both known and unfore-
seen consequences. The developing world, for ex-
ample, is losing an estimated 10-20 million ha of 
productive tropical land due to erosion, tree felling 
and uncontrolled clearing for agriculture; by the 
year 2000 some 275 million ha may have been 
destroyed since 1980. The sustainable production 
and conversion of plants and plant residues into 
fuels, offers a significant potential for alleviating the 
pressure for use of indigenous forests and woodlands 
as fuel. Along with the agricultural clearances these 
pressures have been the major threats to forest and 
tree resources, wetlands, watersheds and upland 
ecosystems. 

Over the past 200 years, deforestation and now 
fossil fuel combustion have added C 0 2 to the atmos-
phere resulting in an increased C 0 2 concentration of 
27% - half the increase has occurred over the past 30 
years. The resulting greenhouse effect has been 
postulated to be already accompanied by an increase 
in the global average temperature of about 0.5°C 
and the global sea level has increased by 10-20 cm. If 
we do not change our lifestyles the global mean 
temperature may increase by 0.3°C/decade and the 
sea level by 6 cm/decade. Undoubtedly, the single 
most important factor in all these predictions is the 
rate of fossil fuel combustion. Biomass fuels make 
no net contribution to atmospheric C 0 2 if used 
sustainably and can be regarded as a practical 
approach to environmental protection and longer 
term issues such as revegetation (including reforesta-
tion) and global warming. 

Greenhouse warming and biomass sinks for C 0 2 

Reforestation and revegetation play important roles 
in reducing pollution. In 1980 the net release of 
carbon to the atmosphere from deforestation was 
probably in the range of 1 to 2 billion tonnes. In 1989 
the net release was estimated to have been in the 
range of 1.5 to 3.0 billion tonnes. 

There is ample evidence that the rate of deforesta-
tion has increased substantially since 1980 in several 
parts of the tropics, although there has been no 

comprehensive study of the tropics as a whole since 
then. In 1980 the rate of deforestation of tropical 
forests was 11.3 million ha and between 18 to 20 
million ha in 1989. Over 150 million ha are expected 
to be deforested in the 1990s. 

There are essentially three ways to decrease the 
use of fossil fuels: improving energy efficiency; 
developing renewable sources of energy; and ex-
panding the use of nuclear power. Energy efficiency 
is an immediate need but must be accompanied by 
the deployment of renewable energies. 

Renewable energies as a whole can play an impor-
tant role in reducing pollution, particularly with the 
use of biomass for energy. A major global reforesta-
tion effort is a possible strategy to preserve and 
expand the world's forests, and to slow the pace of 
climatic change. As trees grow, they remove C 0 2 

from the atmosphere thereby slowing the C 0 2 build 
up. Planting trees on a massive scale in the long term 
is one possible practical means of sequestering C 0 2 . 

Collectively, a global strategy of halving tropical 
deforestation and planting the equivalent of a 130 
million ha of trees in developing countries and 40 
million ha in industrial nations could reduce world-
wide carbon emissions from all human activities by 
about a quarter of current levels. It has been esti-
mated that to remove and store two billion tonnes of 
carbon annually from the atmosphere using tropical 
forest trees (assuming a productivity of 15-25 tonnes 
of biomass/ha/year) would require the planting of 
300 million ha. Sequestering the carbon for 20-60 
years in the trees would stabilize C 0 2 levels in the 
atmosphere and then using the biomass to replace 
fossil fuels would result in a decrease of C 0 2 . 
Possibly a better and economically feasible strategy 
recently suggested would be to substitute fossil fuel, 
especially coal with biomass fue ls .
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 This study 

showed that while sequestering carbon in forests is a 
relatively low-cost strategy for offsetting C 0 2 emis-
sions from fossil fuel combustion, substantially grea-
ter benefits can be obtained by displacing fossil fuels 
with biomass grown sustainably and converted into 
useful energy using modern conversion technolo-
gies. This could be done using biomass gasification 
and turbines to generate electricity or by enzymatic 
hydrolysis of woody biomass to produce alcohol 
fuels. Biomass substituted for coal can be as effec-
tive as carbon sequestration, per tonne of biomass, 
in reducing C 0 2 emissions; however, fuel substitu-
tion can be carried out indefinitely, while carbon 
sequestration can be effective only until the forest 
reaches maturity. Also, far greater biomass re-
sources can be committed to fossil fuel substitution 
at any given time than to carbon sequestration 
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At Woburn Abbey near London, a 0.8 M W boiler, 
using 400 tonnes chopped straw per year, heats all 
the central buildings cost-effectively and saves 
£20 000/year (about $38 000) compared to an oil-
burning boiler. 



Table 7. Scenario for C 0 2 emissions reduction via biomass energy-
use

2
 (Gt C/year). 

2025 Electricity and alcohol from sugar cane
b 

0.7 
Electricity from kraft pulp industry residues

0 
0.2 

Energy from other residues
0 

0.8 
Total 1.7 

2050 Electricity and alcohol from sugar cane 0.7 
Electricity from kraft pulp industry residues 0.2 
Energy from other residues 0.9 
Energy from biomass energy crops

e 
3.6 

Total 5.4 

Notes:
 a

 A scenario for reducing global C 0 2 emissions through 
bioenergy use only. This shows the potential but must be coupled 
with energy conservation and other measures. 
b
 Assuming that sugar cane production grows at the historical rate 
of 3%/year, and that electricity is co-produced in excess of onsite 
needs with BIG/ISTIG technology of the equivalent. 
c
 Assuming that chemical pulp production grows to 2025 at the 
rates projected to 2000 by the Food and Agricultural Organiza-
tion (FAO), so that global production increases at an average rate 
of 3.1%/year. 
d
 Since residues from other major forest product and agricultural 
industries are large compared to those from the sugar cane and 
kraft pulp industries, it is assumed that comparable emissions 
reductions could be achieved through use of some of these 
residues for energy. 
e
 Assuming that biomass is produced on 600 million ha at an 
average productivity of 12 dry t/ha/year and that the produced 
biomass displaces coal and thus C 0 2 emissions at an average rate 
of 3.6 Gt C/year. 

because, first, producers will tend to seek biomass 
species with higher annual yields for energy applica-
tions; and, second, biomass for energy can be 
obtained from sources other than only new forests. 
Thus, biomass can play a larger role in reducing 
greenhouse warming by displacing fossil fuel than by 
sequestering carbon. Moreover , biomass energy is 
potentially less costly than the displaced fossil fuel 
energy in a wide range of circumstances, so that the 
net cost of displacing C 0 2 emissions would often be 
negative. Thus bioenergy strategies have 'built-in' 
economic incentives that make them inherently 
easier to implement than many alternative strategies 
for coping with g reenhouse warming. Table 7 
summarizes a strategy for off-setting C 0 2 emissions 
in 2050 by the use of biomass energy crops and 
residues. 

These are possible long-term strategies but their 
implementation will prove extremely difficult unless 
there are substantial and long-term guaranteed in-
centives for tree growing which will provide impetus 
for local people, beside only short-term and artifi-
cially stimulated employment . These strategies must 
increase tree planting and revegetation generally in 
order to give optimal sequestering of C 0 2 . 

Besides the removal of C 0 2 , forests provide many 
other ancillary benefits. Thus tree planting would 
improve the energy situation by providing fuelwood, 
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Table 8. C 0 2 flows in Africa: energy-use, forests and grasslands. 

tha *a
 1

 G t C a
 1 

Energy 
Emissions from fossil fuels (1988)

a
 - 0.18 

Emissions from biomass fuels (1988)
b
 - 0.22 

Forests 
Net emissions - 0.23,0.21

d
, 

from burning
0
 0.18 

Net primary production
0
 16-22 2.1 

Mean annual increment as wood
f
 - 1.4 

Grasslands 
Gross emissions 

from burning
8
 - 1.09, 1.41 

Net primary 7-9 1.86-2.39 
production*

1
 12 3.19 

Net exchange of carbon - ? 

Notes: Areas of African forests = 267 million ha (Lanly (1982) 
(Censu stricto) = 137 M ha (ETC, 1990; Class 9) standing forest 
biomass = 12.2 Gt (equivalent to 88 t ha"

1
) (ETC, 1990); areas of 

African grasslands = 591 M ha (Hao et al, 1989) - 667 M (ETC, 
1990) (Classes 1 + 2 + 3 + 4); standing grasslands biomass = 4.5 
Gt (600 M ha at 7.5 h a

1
) (average estimate based on Long et al, 

1989; Hao et al, 1989). 

Sources:
 a

 BP;
 b
 Scurlock and Hall;

 c
 Myers; Houghton; Hao et 

al;
 d
 closed forests only;

 e
 Lieth; Ajtay;

 f
 ETC;

 g
 Hao et al; Long 

et al;
 h
 Leith; Long et al, op cit, Ref 79. 
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may provide income generation, and would also 
have many important ecological effects associated 
with rehabilitating land such as soil erosion control, 
the maintenance of watersheds, improvement of 
local climates, the prevention of the destruction of 
wetland and upland areas, and so on. It has been 
estimated that 200 million ha needs to be reforested 
for reasons other than control of the greenhouse 
effect. 

It is quite evident that more immediate benefits 
will be derived from increased energy efficiency and 
reduction in the rate of deforestation and devegeta-
tion. Even though halting deforestation will be very 
difficult, it appears to be a better option over the 
short term than at tempts at very large-scale re-
vegetation (afforestation). However , it is essential to 
understand the present use of biomass before plan-
ing revegetation and halting deforestation - other-
wise well intentioned plans will come to nought. 
Table 8 shows a rough summary of C 0 2 flows in 
sub-Saharan Africa to emphasize the role of biomass 
in comparison to fossil fuels and the uncertainties in 
calculating carbon fluxes which incorporate all forms 
of biomass vegetation. 

The production of biomass whether it be in natu-
ral stands or with planted forests, woodlots or dis-
persed trees needs to be optimized in an environ-
mentally sustainable manner . We discussed earlier, 
issues such as yield optimization with polycultures 
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Burning of trees, shrubs and grasses results in the 
emission of a number of so-called greenhouse gases 
such as C 0 2 (mainly), NOx, C O , C H 4 and other 
trace gases .
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 Large areas of forests and tropical 

grasslands are deliberately and accidentally burnt 
annually, besides the extensive use of biomass as a 
fuel. The influence of such biomass burning in the 
greenhouse-induced climatic changes has only been 
widely recognized over the last few years but is now 
being more thoroughly investigated. Such burning 
may not only pollute the atmosphere and result in 
increased C 0 2 in the a t m o s p h e r e (unless the 
biomass regrows in equilibrium), but may have 
serious long-term effects in soil carbon and erosion if 
the ecosystems are burnt too frequently and over-
used by man and animals so that soil erosion and 
other problems become endemic. 

SOCIAL ISSUES 

Most of the discussions of social issues around 
biomass production and use for energy have concen-
trated on the problems and opportunit ies in develop-
ing coun t r i e s .
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 However , recently as a result of the 

increased use of biomass in developed countries and 
changing agriculture and forestry policies, serious 
thought is being given to the linkages between 
socioeconomic, environment , and land-use priori-
ties. The issues in developed and developing coun-
tries are usually seen as being totally different but 
they now converge increasingly on the issues of 
land-use policies, subsidies and the environment. 
For example , Nor th Amer i can , Eu ropean and 
Japanese agricultural subsidies totalled over $200 
billion a year (or $299 billion in 1990)
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 while energy 

subsidies in the USA have been estimated at $44 
billion a year or much more if all hidden externalities 
are accounted fo r .
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 These greatly distort energy and 

land-use pat terns. Surplus agricultural land in the 
E E C is expected to reach 15 million ha in a few years 
while in the USA about 30 million ha are already 
under 'set-aside' or Conservation Reserve Program-
mes. 

Biomass differs fundamentally from other forms 
of energy since it requires land to grow on and is 
therefore subject to the range of independent factors 
which govern how, and by whom, that land should 
be used. Thus , biomass energy is often considered 
problematic because of its varied facets, and because 
it interacts with so many different areas of interest, 
such as land-use rights, forestry, agriculture, societal 
factors, etc. For example, people differ in their 
atti tude to land-use: at one extreme are those who 

5 4 

instead of monocultures so ensuring some biodiv-
ersity, interplanting with N 2-fixing species so as to 
decrease fertilizer inputs and leaching, use of 
nutrient-optimized conditions to encourage the use 
of existing species and clones, and so on. We should 
also consider the desirability of achieving high levels 
of biological diversity which will require maintaining 
some of the land in biomass-producing regions in a 
'natural ' condition. For example, some bird species 
require dead wood and its associated insect popula-
tions for survival. Experience in Swedish forests 
suggests that maintaining a relatively modest frac-
tion of forest area in such natural reserves is ade-
quate to maintain a high level of species diversity. 
Studies of bird populations in short rotation forests 
in Ireland show that such plantations can have a 
favourable effect especially where different tree 
species are planted, coppicing is practiced, and there 
are numerous edges rather than large solid blocks of 
single clones or species. Research is needed to 
understand how best to achieve desirable levels of 
biological diversity under a wide range of conditions 
under which biomass might be grown for energy in 
the future. 

While major expansions are needed for research 
efforts relating to large-scale sustainable biomass 
production, there is time for the needed research 
and extensive trials, because major bioenergy indus-
tries can be launched in the decades immediately 
ahead using as feedstocks primarily residues from 
the agricultural and forest products industries. Such 
use of residues can be done in an environmentally 
acceptable manner as long as monitoring, especially 
of soils, is performed and the mineral nutrients and 
intractable organic effluents are returned to the 
growing site. This is, for example, done in the 
sugarcane ethanol industry where stilläge (fermenta-
tion effluents) is returned to the fields in diluted 
irrigation water. Similar practices should be normal 
management practice wherever large-scale removals 
of residues from agriculture and forestry are contem-
plated for energy p roduc t ion .
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The burning of biomass whether in the home or 
outside can have detrimental effects which need to 
be recognized and ameliorated. This is especially 
serious with open fires in closed domestic situations 
where eye, lung and other problems a r i s e .
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Improved biomass stoves which reduce emissions 
and improve fuel efficiency are goals which must be 
pursued in parallel. Fortunately biomass is a low 
sulphur fuel and also produces less NOx than fossil 
fuels. These attributes, combined with its greater 
thermochemical reactivity, make biomass an attrac-
tive fuel especially compared to coal. 
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put biomass exploitation above all, whereas others 
are primarily concerned with environmental mat-
ters. 

There are basically two main approaches to decid-
ing on land-use for biomass energy. The ' technocra-
tic' approach tends to concentrate on the use of 
biomass for energy alone, ignoring other multiple 
uses of biomas. This approach starts from a need for 
energy, then identifies a biological source, the site to 
grow it, and then considers the possible environmen-
tal impacts. This generally ignores many of the local 
and more remote side-effects of biomass energy 
plantations and also ignores the expertise of the local 
farmers who know the local conditions. The tech-
nocratic approach has resulted in many biomass 
project failures in the pas t .
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The second approach may be termed the 'multi-
uses' approach which asks how land can best be used 
for sustainable development , and considers what 
mixture of land-use and cropping pat terns will make 
optimum use of a particular plot of land to meet 
multiple objectives, eg food, fuel, fodder, societal 
needs, etc. This requires a full understanding of the 
complexity of land use. 

Since land for biomass energy production is so tied 
up with food production and environmental protec-
tion, these facets cannot be treated separately. The 
'food ν fuel' issue has been a heatedly debated 
land-use issue. To many people making fuel from 
crops has a strong moral connotation that serves to 
make the subject somewhat controversial. The sub-
ject is far more complex than has been presented in 
the past and one which needs careful examination, 
since agricultural and export policies and the politi-
cization of food availability are greater determining 
factors. 

Food ν fuel should be analysed against the back-
ground of the world's real food situation (increasing 
food surpluses in most industrial and a number of 
developing countries) allied to the large production 
of animal feed, the increased potential for agricultu-
ral productivity, and the advantages and disadvan-
tages of producing biofuels as part of the multiple 
benefits of land-use. 

It is important tp appreciate, however, that most 
developing countries are facing both food and fuel 
problems. What is needed is to actively encourage 
agricultural practices to take into account this reality 
and to evolve efficient methods of utilizing available 
land and other resources to meet food and fuel 
needs, besides the other products and benefits of 
biomass. 

Brazil is an interesting case. The food shortages 
and price increases that this country suffered a few 

years ago were blamed on the ProAlcohol program-
me for alcohol fuel production. However , a closer 
examination does not support the view that bioetha-
nol production has adversely affected food produc-
tion. The root of the 'problem' lies deep in govern-
ment economic policy in general , and agricultural 
policy in particular. Food shortages and price in-
creases in Brazil have resulted from a combination 
of policies which were biased towards commodity 
export crops and large acreage increases of such 
crops, hyper inflation, currency devaluations, price 
control of domestic foodstuffs, etc. Within this real-
ity any negative effects that bioethanol production 
might have had should be considered as part of the 
overall problem, not the problem. In fact, many 
national and local advantages have accrued from this 
p rogramme, but it is undoubtedly not without its 
fau l t s .
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Biomass plantations, especially eucalyptus planta-
tions, have received adverse criticism in countries 
such as India and Thailand. However , most of these 
plantations are not grown for fuelwood but for other 
industrial uses such as pulp and for construction. 
There is a complex history behind the Indian and 
Thai experiences which should not condemn 
eucalypts as the villain of the piece, but should also 
look at the successes with eucalypts in Ethiopia, 
Brazil, Portugal, Hawaii , etc. Experience has shown 
that biomass energy plantations are unlikely to be 
established on a large scale in many developing 
countries, especially in poor rural areas, so long as 
biofuels (particularly wood) can be obtained at zero 
or near zero cost. Farmers in Malawi, for instance, 
are simply not interested in trees for fuel so long as 
they can get higher labour and monetary returns by 
planting other c r o p s .
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Modernization of bioenergy production and use 
could bring very significant social and economic 
benefits to both rural and urban areas. Lack of 
access to a reasonable amount of energy, particular-
ly modern energy carriers like electricity and liquid 
fuels, limits the quality of life of many hundreds of 
millions of people throughout .the world. Since 
biomass is the single most important energy resource 
in rural areas of developing countries it should be 
used to provide for modern energy needs, eg agro-
industry, irrigation pumps, refrigeration, lighting, 
e t c .
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In addition, biomass energy systems should be 
perceived as providing substantial foreign exchange 
savings if they replace imported petroleum products, 
although the issue is not always clear cut since it 
depends on import substitution and export earnings. 
In countries like Brazil, with a long historical experi-
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encompasses the biomass dimensions seems essen-
tial if biomass is not to remain forever the poor , 
rural relation and not the environmentally-preferred 
modern fuel. 

I have not dwelt on the other developing country 
biomass energy issues of urban fuelwood, fuel 
switching, pover ty-popula t ion-environment-bio-
mass interrelations, the 'fuelwood crisis', the 'fuel-
wood gap ' , forestry and agriculture and agro-
forestry, etc. All are relevant but have been well 
reviewed in a number of recent ar t ic les .

7 6
 In de-

veloped countries concerns and issues in biomass 
energy evolve around risks and economics of land-
use incentives, food surpluses, land surplus, pollu-
tion abatement strategies, environmental acceptabil-
ity, alternative fossil, nuclear and renewable energy 
strategies, forestry policies, research policies, and so 
on. Extensive volumes and papers are published 
regularly which reflect on these issues. 

CONCLUSIONS 

Is biomass forever? Most certainly in the world as we 
know it, but whether it will forever be a source of 
fuel can be debated. With an increasing proportion 
of the world's population residing in developing 
countries, who usually lack fossil fuels and the easy 
means to import such fuels, it is essential that greater 
effort be put into producing and using biomass 
efficiently as a fuel since it is an available, indige-
nous energy resource which can be readily upgraded 
at all stages of production and conversion. One of 
the problems of wider acceptance of a modern role 
for biomass for liquid fuels, electricity and gases, in 
addition to its wide traditional use as a heat source, 
is that it involves land-use issues which make it very 
difficult to implement compared to other more cen-
tralized energy resources. There is an enormous 
un tapped biomass potent ia l , particularly in im-
proved utilization of existing forest and other land 
resources (including residues), and in higher plant 
productivity. However , the enhancement of biomass 
availability (on a sustainable basis) will require 
considerable effort - there is no short cut to long-
term planning and development in the biomass field. 

It also needs to be recognized that biomass is used 
as an energy source for not only cooking in house-
holds, many institutions and service industries, but 
also for agricultural processing and in the manufac-
ture of bricks, tiles, cement , fertilizers, etc. These 
non-cooking uses can often be substantial especially 
in and around towns and cities. Rural-based villages 
and small-sized industries are frequently biomass-
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ence with technology for bioethanol production and 
use, there are substantial savings in oil imports and 
also foreign exchange earnings from alcohol-related 
technology exports. Zimbabwe similarly saves fore-
ign exchange on petroleum imports while developing 
technical infrastructure which leads to import sub-
stitution. Thus we also need to consider the net 
benefit to a country if local resources used for 
domestic energy production could have earned more 
foreign exchange through exports. 

Despite the fact that a large range of organizations 
have been created in developing countries to pro-
mote the development of small-scale production 
which is especially relevant to biomass energy, such 
institutions have generally not been very effective. 
Many governments and projects tend to be chiefly 
concerned with maximizing output rather than sav-
ings of capital and the generation of employment . 
High technology projects receive priority for politic-
al and prestige reasons. Any project that fails to 
reflect these key objectives is regarded as inferior to 
proven, capital-intensive methods. These factors in-
evitably result in most biomass energy related pro-
jects receiving low priority and/or ineffective imple-
mentation. 

For example, in India, despite official interest in 
the development of small-scale industries, policy-
making and investment has generally promoted 
large-scale and capital-intensive methods of produc-
tion which is readily seen in the energy sector. Thus 
although energy efficiency and biomass-related 
energy generation appear much more cost-effective 
than centralized power generation, it is the latter 
which still receives priority in funding. Rhetoric and 
reality seem to be unbr idgeable .

7 5 

Success and failure in biomass energy provision 
depends very much on the understanding of local 
incentives and barriers to change. Many innovations 
are pushed into the field because they interest the 
introducer rather than answering the basic needs of 
the people they try to help. Again, this is an 
especially detrimental atti tude toward biomass pro-
jects which require very careful planning and long-
term implementation, besides providing multiple 
benefits. 

There are many other social issues which impinge 
on biomass energy. A number of these have been 
dealt with earlier: local employment , opportunities 
for entrepreneurs and development of skills, rural 
stability on an environmentally sound basis, local 
control of reserves, and promotion of appropriate 
political and economic infrastructures. At a more 
national scale the development of institutions cap-
able of R & D and integrated land-use planning which 
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energy driven and play a significant role in rural and 
national economies, eg in India these industries 
account for as much as half of the manufacturing 
sector. 

Modern uses of biomass 

The undeserved reputation of biomass energy as a 
poor quality fuel that has little place in a modern 
developed economy could not be further from the 
truth. Biomass should be considered as a renewable 
equivalent to fossil fuel; it can be converted to liquid 
fuel via ethanol , or electricity via gas turbines. It can 
also become the basis of a modern chemical industry 
via synthesis gas or ethanol as is occurring in Brazil. 
Biomass can serve as a feedstock for direct combus-
tion in modern devices and is easier to upgrade than 
coal because of its low sulphur content and high 
thermochemical reactivity. Conversion devices for 
biomass range from very small, domestic boilers, 
stoves and ovens up to larger scale boilers and even 
multi-megawatt size power plants. Wider commer-
cial exploitation on a sustainable basis awaits the 
development and application of modern technology 
to enable biomass to compete with conventional 
energy carriers. 

There is a growing recognition that the use of 
biomass energy in larger commercial systems based 
on sustainable, already accumulated resources and 
residues can help improve natural resource manage-
ment. If bioenergy were modernized (that is, the 
application of advanced technology to the process of 
converting raw biomass into modern , easy-to-use 
energy carriers such as electricity, liquid or gaseous 
fuels, or processed solid fuels), much more useful 
energy could be extracted from biomass than at 
present, even without increasing primary bioenergy 
supplies. 

In favourable circumstances, biomass power gen-
eration could be significant given the vast quantities 
of existing forestry and agricultural residues - over 
two billion tonnes/year worldwide. For example, 
studies of the sugarcane indus t ry
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 and the wood 

pulp industry indicate a combined power grid-export 
capability in excess of 500 TWh/year . Assuming that 
a third of the global residues resource could econo-
mically and sustainably be recovered by new energy 
technology, 10% current of the global electricity 
demand (10 000 TWh/year) could be generated. In 
addition, a programme of 100 million ha planting 
scenario, could also supply more than 30% of cur-
rent global electricity demand. Efforts aimed at 
modernizing biomass energy should begin with ap-
plications for which economic analyses indicate 
there are favourable prospects for more rapid mar-

ket development , eg the generation of electricity 
from sugarcane bagasse, alcohol fuels from sugar-
cane, and the production of electricity using adv-
anced gas turbines fired by gasified biomass from 
various feedstocks. 

If biomass energy systems are well managed, they 
can form part of a matrix of energy supply which is 
environmentally sound and therefore contributes to 
sustainable development. When compared, for ex-
ample, to conventional fossil fuels, overall the im-
pacts of bioenergy systems may be less damaging to 
the environment , since they produce local and rela-
tively small impacts on the surrounding environ-
ment , compared with fewer, but larger and more 
distributed impacts of fossil fuels. It is these qualities 
which may make the environmental impacts of 
biomass energy systems more controllable, more 
reversible and, consequently, more ben ign .

7 8 

But biomass energy still faces many barriers -
e c o n o m i c , soc ia l , i n s t i t u t iona l and t echn ica l . 
Biomass energy sources are very large and varied in 
na ture , and the technologies for exploiting them 
span a very diverse range in terms of scale, stage of 
development , and development requirements to be 
able to provide a reasonably good understanding of 
the subject. While traditional biomass energy-use 
has long been with us, the future challenge is to 
focus on more economically justifiable, and environ-
mentally sound, advanced biomass energy systems, 
while assuring at the same time that traditional 
production and use is as efficient as possible and also 
sustainable. 
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Chapter 3 

Solar Energy Systems 
- assessment of present and future potential 

H.-M. Kühne and H. Aulich 

Average insolation levels are between two and 
four orders of magnitude higher than the specific 
demand for primary energy in both the indus-
trialized and the developing world. This suggests 
that solar conversion technologies have a very 
considerable potential for application, provided 
that questions of storage and instantaneous re-
lease upon request can be adequately addressed. 
This paper discusses the present state and the 
future potential of solar thermal and photovol-
taic (PV) technologies, and examines both the 
environmental implications of these technologies 
and the economics which determine their viability 
in the energy market. Although some significant 

cost reductions have been achieved, particularly 
in PV technology, solar conversion technologies 
are still not generally competitive against conven-
tional fuels, and future cost reductions may be 
limited. It is argued that fiscal measures will be 
necessary if solar conversion technologies are to 
make a significant global impact. 

Keywords: Solar energy; Photovoltaics; Solar thermal 

The continuous supply of solar energy to the earth 's 
surface is equivalent to a power of about 100 000 
T W .

1
 Approximately one-third of the radiation im-

pinges on land area and should, accumulated over 
less than two hours , suffice to cover the whole 
primary energy demand by man for the period of 
one year .

2 

A share of 30% of the insolation is reflected back 
to space, 4 5 % is converted to low tempera ture heat 
adding up to the heat balance of our planet , and 
2 5 % is converted in the earth 's a tmosphere for 
evaporation of water, for wind and wave energy, and 

H.-M. Kühne is with Siemens KWU Ε 3 NT, Hammer-
bacher Strasse 12+14, D-W-8520 Erlangen, Germany; Η. 
Aulich is with Siemens Solar GmbH, Munich. 

marine cur ren ts .
3
 These latter renewable energy 

sources are thus indirect forms of solar energy which 
may be tapped for the generation of mechanical 
power or electricity; an assessment of their respec-
tive potentials has been given in earlier editions of 
this jou rna l .

4 

The only relevant chemical process harvesting 
solar energy is photosynthesis. The energy con-
verted and stored this way accounts for less than a 
0 . 1 % of the original insolation, yet it is essential to 
all plant and animal life on earth. Solar radiation 
may be collected as visible light and also as heat. 
Technical systems described in the following try to 
mimic photosynthesis, both for electricity generation 
through direct conversion technologies, and fuel 
production in order to achieve energy storage. 

A discussion of other technologies not directly 
converting visible light or solar heat is not within the 
scope of this article. For example, biomass has, in 
industrialized countries up to the past century, and 
in the developing world until today, been not only 
food and construction material but also the most 
important energy resource for man. Biomass may be 
converted to electricity through conventional com-
bustion technologies, an essentially C 0 2 neutral 
process contributing about 14% to the world energy 
consumpt ion .

5
 Other renewable energies such as 

wind or hydropower also have a long tradition; 
about 7 % of the present world electricity production 
is based on the exploitation of these resources .

6 

Our energy-intensive industries are , to a large 
extent , ruled by energy economy rather than by 
issues of ecology. An extensive consumption of 
cheap fossil fuels has long been favoured, and ques-
tions of how to cope with the consequences have not 
been answered adequately. These days, as we start 
to worry about global warming, we have already 
achieved a 19% substitution of fossil fuels with 
renewable and nuclear power. However , with world 
energy consumption rising further at an increasing 
rate , a drastic increase in efforts to implement 
renewable technologies is considered indispensable.

7 
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Comparison of energy consumption (1990, averaged) of selected 
with global insolation. 

It will be shown that the economical potential of 
solar technologies is often not sufficient to compete 
with the prices of today's energy supply structures. 
Legislative measures and joint international col-
laboration seem necessary to an extent reaching far 
beyond established thinking. 

THEORETICAL POTENTIAL OF 
SOLAR ENERGY SYSTEMS 

In 1989 world consumption of commercial primary 
energy was equivalent to 10.2 billion tonnes of hard 
coal or 7 billion tonnes of o i l .

8
 In theory, solar 

energy could supply the total energy consumption by 
man, yet direct solar technologies are supplying less 
than 0 .001% of present total energy consumption. 

A typical value for the insolation on the earth 's 
surface is, accumulated over the period of one year, 
about 1500 kWh/m

2
. In the northern part of Europe 

or Canada some 1100 k W h / m
2
 pa may be expected, 

and in large areas of the U S A , Africa and Australia 
values exceeding an average of 2200 k W h / m

2
 pa are 

not uncommon. Of course, the radiative power 
varies considerably during the course of the seasons, 
and as a consequence of the day/night cycle and local 
météorologie conditions. If we think, nevertheless, 
of solar energy as being distributed evenly over the 
course of one year, the local insolation corresponds 
to an average intensity represented by a dotted bar 
in Figure 1, to which the energy consumption in a 
certain country of a given land area may be com-
pared. In spite of the ratio between annual solar 

energy supply and total energy consumption being a 
function of both density of population and degree of 
industrialization, the average and peak insolation 
levels are by two to four orders of magnitude higher 
than the specific demand for primary energy and 
electricity in the industrialized and the developing 
wor ld .

9
 Only in urban areas or industrial agglomer-

ates is more energy consumed than is supplied to the 
respective land area by the sun. Obviously, such 
areas will continue to depend on energy imports (to 
be supplied, preferably, by electricity). 

Energy end-use: electricity, heating, transportation 

Taking Germany as an example, it should theoreti-
cally be sufficient to equip just the unused outside 
surface of buildings pointing to the south with solar 
cells having a 10% conversion efficiency to cover 
m o r e than the coun t ry ' s to ta l electricity pro-
duc t ion .

1 0
 Although some of the façades might not 

be suited for that purpose, the additional area 
required for solar collectors would be comparatively 
small. The potential for solar systems should be 
more favourable in developing countries with higher 
levels of insolation and lower specific consumption 
of electricity. 

Heat generation currently accounts for about 4 5 % 
of the commercial energy consumption (Table 1), 
yet it corresponds to only a small fraction of the 
theoretical potential for low temperature solar ther-
mal sys tems.

1 1
 Since it is relatively simple to con-

struct solar heat collectors having a utilization of the 
solar radiation exceeding 10% (typical systems reach 
30 to 7 0 % ) , the theoretical potential for the imple-
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Table 1. World consumption of commercial primary energy and emission of C 0 2. 

Total Energy c o 2 

consumption from fossil emission 
Energy end use of energy resources (million Solar option 

(TWh t h)
a 

(TWh t h)
a 

tonnes pa)
a 

Electricity World 28 538 20 145 6 300 Solar thermal plant 
EC 4 301 2 380 770 PV generator 

Heat World 37 435 36 377 10 000 Flat plate collector 
(low temperature) 

EC 4 136 4 136 1 160 Concentrating systems 
(mid-high temperature) 

Traffic World 15 820 15 820 4 400 PV -1- battery storage 
EC 3 371 3 371 940 Solar fuel (LH2?) 

Source: Vereinigung Industrielle Kraftwirtschaft, statistics, 1989-91. 
Note:

 a
 Without non-commercial combustion of biomass and deforestation. 

mentation of solar technologies should exceed heat 
demand by several orders of magnitude. 

The situation in the traffic sector is somewhat 
more difficult: today's vehicles are equipped with 
internal combustion engines of a comparatively large 
mechanical power, a concept sustainable only if a 
liquid fuel such as gasoline, alcohols or liquid hyd-
rogen is used. The electrical power produced if the 
cars were covered totally by solar cells would not be 
sufficient for cruising even at modera te s p e e d .

1 2 

Energy storage in high-performance rechargeable 
batteries might be one option. It is, however, a 
technological challenge still far from any satisfactory 
so lu t ion .

1 3
 Given the present standard of vehicle 

technology, it seems more likely that eventually, at 
least in the long-distance traffic sector, a liquid fuel 
produced from biomass or solar electricity like li-
quefied hydrogen or methanol will have to drive 
solar vehicles. 

As a formal result, the theoretical potential for the 
implementation of solar electricity and solar heat 
systems is far higher than the actual energy demand. 
However , the issue of energy storage and instan-
taneous release upon request becomes most impor-
tant for all the three cases of solar energy end-use 
discussed so far. 

CONCEPTS FOR SOLAR ENERGY 
CONVERSION 

The solar radiation density on earth is rather low: 
the energy accumulated for one hour on a collector 
area of one square metre equals a maximum fossil 
equivalent of about 100 ml of gas oil. An efficient 
energy collection is thus extremely important for 
economic solar energy conversion. The quality of 
the solar irradiance is determined mainly by its 

intensity, spectral distribution, and by the diffusiv-
ity. These quantities determine the maximum energy 
conversion efficiency which is best for direct, high 
intensity insola t ion.

1 4 

Two fundamentally different concepts of solar 
energy conversion may be distinguished: 

# solar thermal systems; and 
# photovoltaic systems. 

For solar thermal convers ion , a heat carrying 
medium (usually a liquid or a gas) flows continuous-
ly through a heat receiver thus transporting the 
absorbed heat to the site of thermal energy use. The 
purpose may be space heating or the generation of 
electricity in a conventional bottoming steam cycle. 
Solar thermal systems may harvest the whole spec-
tral range of the insolation (Figure 2). The maximum 
possible heat collection is limited by reflective, 
radiative, and convective losses in the receiving 
unit(s); in the case of electricity generation, the 
theoretical efficiency will be further limited by the 
Carnot factor which determines the maximum yield 
of all thermal processes. A certain system inertia is 
characteristic of all thermal systems; hence, the 
utilization of energy is delayed more or less with 
respect to the actual level of insolation. This may be 
advantageous since, to some degree, storage of solar 
energy or levelling of a discontinuous supply of the 
radiation becomes possible by just increasing the 
thermal mass of the system. 

The principle of photovoltaic (PV) energy conver-
sion is totally different. As with natural dyes in green 
plants, certain wavelengths in the solar spectrum are 
selectivly absorbed, generating an electrical current 
directly in the absorbing material. Technical systems 
all employ semiconducting compounds which have a 
so-called characteristics energy threshold: light quanta 
having an energy above this threshold are absorbed 
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Figure 2. Portion of the solar spectrum absorbed in solar energy collecting 
materials. 

and contribute directly to the electrical current; 
others of lower energy are lost as heat. The ab-
sorptivity of some selected solar cell materials is 
shown in Figure 2 .

1 5
 A significant advantage of 

photovoltaic systems is the fact that their conversion 
efficiency is virtually independent of both the system 
capacity (plant size) and incoming radiation intensi-
ty. As a consequence, a modular design from a few 
watts to the megawatt scale becomes possible with-
out significant loss in performance even in the case 
of only moderate insolation. 

Common technical concepts for PV and solar 
thermal systems are so-called flat plate collectors 
which are optimized for maximum absorption of the 
solar radiation. Flat plate collectors absorb both the 

direct and the diffuse part of the radiation. In the 
northern hemisphere , they are usually mounted at 
fixed tilt towards southerly direction. 

By use of concentrating systems, higher energy 
flux densities may be achieved allowing for the use 
of more efficient converters for electricity genera-
tion. Concentrat ing systems have to track the course 
of the sun; one-axis tracking (trough concepts) and 
two-axis tracking (tower or single crystalline PV cell 
c o n c e p t s r e s p e c t i v e l y ) a r e s t a t e of t h e a r t 
technologies .

1 6
 Diffuse radiation is lost in concentra-

tors which limits their use to southern areas with 
continental climate. Figure 3 presents, in a schema-
tic way, different concepts and possible applications. 

S o l a r t h e r m a l E n e r g y t r a n s f e r 

d e v i c e s m e d i u m 

^ T o w e r p l a n t 
( h e l i o s t a t s ) 

P h o t o v o l t a i c 

d e v i c e s 

///jé^*~* E l e c t r i c i t y / e l e c t r i c i t y 

F l a t p l a t e c o l l e c t o r 
( s o l a r c e l l s ) 

I r r i g a t i o n , c o o l i n g , d r y i n g ] 
Te lecommunica t ions 
B u o y s , l i g h t i n g 
Cathod ic p r o t e c t i o n 
B a t t e r y c h a r g i n g 
Aerospace 

Figure 3. Systems for solar energy conversion (selection), efficiencies and 
application. 
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Table 2. Photovoltaic pilot plants (> 250 kW). 

Peak power 
output 

Project Location (kW) Commissioning 

SOLARAS Saudi Arabia 350 1981 
(Saudi and US governments) 
Lugo Station/Hesperia California 1000 1982 
(ARCO Solar/Southern California Edison) 
Pellworm Island (EC) (AEG) Germany 300 1983 
Carrisa Piain California 6400 1983 
(ARCO Solar/Pacific Gas and Electric) 
Rancho Seco California 300 1984 
(Sacramento Municipal Utility District) 
Georgetown University Intercultural Center Washington, DC 2000 1984 
(Department of Energy) 
NEDO Utility System/Seijo Japan 1000 1986 
(Japan MITI) 
Austin Texas 300 1986 
Delphos Italy 300 1987 
(Italian government) 
RWE Germany 340 1988 
(RWE/Kobern - Gondorf) 
SOLAR-WASSERSTOFF-Bavaria Germany 280 1990 
(BMFT/Bayer,WiM/Bayernwerk/ 
BMW/Linde/MBB/Siemens) 
RWE Germany 350 1990 
(RWE/Lake of Neurath, Grevenbroich) 
PV USA (Davis) California 750 1991 

TECHNICAL POTENTIAL AND 
INSTALLED CAPACITY OF SOLAR 
SYSTEMS 

In determing a realistic potential for solar energy 
converting systems, it must be borne in mind that the 
supply of solar energy is not continuous, by virtue of 
local weather conditions, the day/night cycle or 
seasonal variations in insolation level. In the power 
sector, the demand for electricity is usually met by a 
set of power plants and storage facilities which are 
sized to cover the expected maximum load level. As 
a consequence of the uneven consumer demand 
which is mitigated only if the electrical networks are 
largely interconnected, many power plants are kept 
for most of the time only at part load which makes 
their operation less economic. 

If the peak demand for electricity coincides with 
the highest insolation level, as eg in countries with a 
high degree of climatization, solar energy systems 
might be a most interesting option to choose from. 
This way, otherwise necessary conventional power 
plant capacity may be saved. For other load curves, 
eg peak load in the evening hours , fossil back up 
systems could be employed for more or less solar 
assisted conventional power plants. The main target 
of such hybrid concepts is to save fossil fuels and 

potential emissions of noxious compounds whenever 
solar energy is available. 

The presently installed power plant capacity (con-
ventional thermal , renewable and nuclear) is world-
wide about 2.7 T W e .

1 7
 For the purposes of estimat-

ing a mid-term technical potential of solar systems, 
we may assume that 1% of power capacity to be 
replaced would be solar. Assuming further a re-
latively long useful life of some 50 years, market 
demand for solar power plants (including small solar 
generators) should already exceed a 500 M W pro-
duction capacity pa. Since total power plant capacity 
is expected to rise beyond today's level by another 
50-80% by the year 2020 with an increasing share of 
renewable technologies ,

1 8
 it seems quite realistic to 

assume a demand for an annual production capacity 
for solar systems of at least 5 G W (for comparison 
the present shipment of PV modules is about 50 MW 
pa) . With a 100% utilization of a 5 G W pa produc-
tion capacity, it would be possible to reach a solar 
share of just 2 .8 -3 .5% of the total power plant 
capacity installed by the year 2020. 

A selection of major photovoltaic power plants is 
shown in Table 2. Most major projects were either 
financed by national governments or local utilities. 
The main scope was to demonstra te the performance 
of different module technologies and other compo-
nents such as tracking systems, power electronics 
(maximum power point tracking, dc-ac converter) , 
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Table 3. Solar thermal power plants (selection). 

Electric power Heat transfer 
Plant Location (MW) medium Commissioning 

Farm plants 
SSPS-DRS Almeria, Spain 0.5 Thermal oil, H 2 0 1981 
Aguas de Moura Aguas de Moura, Portugal 0.56 H.O 1985 
NIO-PPS Nio, Japan 1 H 2 0 1981 
SEGS I/II Barstow, USA 2 x 13.8 Thermal oil, H 2 0 1985-86 
SEGS III/VII Barstow, USA 5 x 30 Thermal oil, H 2 0 1987-89 
SEGS VIII Barstow, USA 80 Thermal oil, H 2 0 1990 

Tower plants 
SSPS-CRS Almeria, Spain 0.5 Na, H 2 0 1981

a 

Eurelios Adrano, India 1 H.O 198Γ 
Sunshinel Nio-Cho,Japan 1 H.O 1982

a 

CESA 1 Almeria, Spain 1 H 2 0 1983 
Themis Targassone, France 2 Molten salt, H 2 0 1983

a 

STTF Albuquerque, USA 5 H 2 0 1977 
CES 5 Krim, USSR 5 H.O 1987 
Solar One Barstow, USA 10 H 2 0 1982 
Phoebus Jordan 30 Air, H 2 0 Project 

Note:
 a
 Operation discontinued. 

and battery storage options. The total capacity listed 
in Table 2 corresponds to a 14 M W peak power 
which is only a minute portion of the technical 
potential of the 5 G W capacity increase per year just 
estimated above. 

The accumulated solar thermal power plant capac-
ity is about one-third of a G W of peak power (see 
Table 3), the major share being due to the eight 
installed solar energy generating systems (SEGS) 
power plants in California. The apparent success of 
the SEGS farm concept arises from the fact that 
peak power electricity is produced for which Califor-
nian utilities pay an extra allowance over the usual 
refund for electricity fed into the public grid. The 
economics of this trough collector concept were 
founded, however, to a large extent on special tax 
credits which, in the meant ime, have been with-
drawn leaving further projects in the SEGS series 
abortive. The alternative solar tower concept is still 
in its demonstration phase and seems to be economi-
cally less promising than the farm principle. 

In the private market sector for smaller photovol-
taic and solar thermal collectors, economics rules 
over success and failure just as in the larger-scale 
power generation sector. Gaining a significant mar-
ket share in private homes is regularly impeded for 
economic reasons whenever there is a connection to 
the utility grid or when conventional heating systems 
are already installed or have to be integrated in the 
buildings in any way to ensure comfort even in a 
harsh winter season. On the other hand, flat plate 
collectors with a solar energy utilization of better 
than 30% for low temperature space heating and 
production of warm water may be manufactured at 

relatively low cost and should be the first solar 
systems to prove economic also in moderate climate 
zones. They should also help to save fossil fuels and 
potential emissions. 

An estimation of the technical potential for solar 
space heating should be possible by using the data 
for present fossil fuel consumption in this sector. At 
the end of the last decade, the West German prim-
ary energy consumption for space heating was some 
500 T W h , about one third of the total consumption 
for heating purposes. A complete substitution with 
heat from solar collectors (sufficient thermal storage 
capacity assumed) would require a total collector 
area of about 1600 k m

2
, about two-thirds of the 

useful façade and roof area. Compared to this 
figure, the total European production capacity for 
solar thermal collectors is, again, at a rather low 
level: rising from 0.05 k m

2
 pa in 1976, it went up by a 

factor of six by the year 1980 to stay at about that 
value until 1989 .

1 9
 Assuming an average useful life 

of 20 years and a 100% utilization of the production 
capacity for another decade, about 0.4% of the 
German and only little more than 0 . 1 % of the 1988 
European primary energy consumption for space 
heating could be saved by use of solar thermal 
collectors. In view of the huge potential and the 
rather developed state of this technology, and in 
view of the social benefit in form of reduced C 0 2 

production, we may well ask whether the time is not 
ripe for some fiscal incentives to be offered to 
potential investors even though, in some countries, 
freezing winter temperatures require the use of a 
more sophisticated and costly technology ie with two 
hydraulic loops and integrated heat exchanging unit. 
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Figure 4. Evolution of PV application and costs (1978-88). 

Source: Strategies Unlimited, Five-Year Market Forecast 1989-94, Report M32, 
Mountain View, CA, 1990 and Overview of Photovoltaic Industry Status 1991, 
Mountain View, CA, 1991. 

PV sales in different market segments are subject 
to considerable fluctuation (Figure 4); apparently 
there has been little continuity in demand within 
potential application sectors. At the beginning of the 
1980s a considerable portion of production was 
destined for publicly financed demonstrat ion pro-
jects; demand has declined during the past decade 
but, in the meant ime, has started again as a result of 
the US Depar tment of Energy or the European 
Community at tempting to deploy a total of more 
than 1 G W p of photovoltaic capacity by the year 
2000. At present , the commercial market allows for 
only little more than 50 M W pa production of PV 
systems; the technical potential derived above for 
electricity generation from solar technologies was 
larger by two orders of magnitude (5 G W pa) . 
Figure 5 shows that the actual production capacity 
for solar cells has been, for more than a decade now, 

utilized at only less than 5 0 % , reflecting the relative-
ly high price of PV systems. 

ENVIRONMENTAL 
CONSIDERATIONS 

Before the actual costs of solar energy systems and 
cost targets for the future are analysed, the question 
should be addressed as to what possible negative 
influence to the natural environment might be 
brought about by the large-scale fabrication and 
implementat ion of solar technologies. 

First, there is the issue of the local albedo change. 
Solar collectors (PV or solar thermal) are optimized 
for maximum absorption of the solar spectrum ie 
they look more or less black. Visible light, otherwise 
directly reflected back to space, is now to some 

S h i p m e n t 
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Figure 5. Photovoltaics: production capacity versus shipment. 

Source: Strategies Unlimited, Five-Year Market Forecast 1989-94, Report M32, 
Mountain View, CA, 1990 and Overview of Photovoltaic Industry Status 1991, 
Mountain View, CA, 1991. 
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Figure 6. Specific emission of C 0 2 for power plant construction phase and 
operation; comparison of PV and solar thermal plants with conventional 
combustion and solar assisted coal and Gas und Dampf (GUD) technologies. 
(GUD is a trademark for Siemens combined cycle power plants.) 

degree lost to the atmosphere as low temperature 
heat. Distributed rather evenly over a large area, 
however, this additional heat should not be more 
serious a problem than the waste heat released by 
conventional central power stations, which seems 
quite commonly accepted by the public. In addition 
there is still the option of installing major solar 
power plants on otherwise unused arid areas in 
deserts. 

Another question is that of the materials used. In 
solar thermal plants, concrete, metals and glass are 
the most important materials for which, as with 
components of conventional thermal power stations, 
no significant environmental problems are foreseen. 
In photovoltaic modules, however, semiconducting 
materials are employed which, either by themselves 
or by their production method, may be considered a 
potential hazard to the environment. In silicon mod-
ules only minute quantities of dopants are processed 
which, even if they were released from the modules 
to the environment, would be of little conce rn .

2 0
 In 

the production process, however, these dopants 
have to be handled very carefully, and safety mea-
sures common to the chemical industry have to be 
employed .

2 1
 Most of the advanced non-silicon tech-

nologies have to employ materials that require coor-

dinated recycling after completion of service life; the 
question of environmental compatibility therefore 
has to be addressed carefully from case to case. With 
the tendency in all commercial sectors to legally bind 
the producer to take care responsibility for the 
eventual recycling of the product , this issue is given 
considerable attention when it comes to a decision 
about whether or not to initiate a new production 
process. 

Finally, there is the question of the energy re-
quired for the manufacturing process of components 
for a solar power plant. This energy should be small 
compared with the energy produced during the 
useful life of the components . In Figure 6 we com-
pare the specific C 0 2 emission per kilowatt of 
installed power capacity accumulating during both 
the product ion process and the later operation 
period. The results may be summarized as follows. 
Compared to conventional power stations, consider-
ably more specific (per kilowatt) energy is required 
for the production and assembling of a solar power 
p l a n t .

2 2
 If all components like absorbing units (PV 

or solar thermal) , supporting structures, concrete 
foundation, electronics, wiring, etc are included, this 
energy consumption entails a relatively high specific 
emission of C 0 2 . For a single crystalline technology, 
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up to 5000 kg C 0 2 / k W of installed PV peak capacity 
must be ascribed to the production process, and 
some 1900 kg C 0 2 / k W for a more favourable thin 
layer technology from a mass production l i n e .

2 3
 The 

latter value is also typical of the specific emissions 
associated with the erection of a solar thermal plant. 
The operation period of a purely solar technology 
(without fossil back-up systems) should, however, 
be essentially C 0 2 neutral , provided the energy 
requirement for the service is ignored. 

In contrast, the emissions of C 0 2 from fossil 
power stations are accumulating over t ime; the 
specific release of C 0 2 is dependent mainly on the 
efficiency of the fuel to electricity conversion process 
and the kind of fuel used. As a result, varying slopes 
are obtained in Figure 6 for the comparison of 
different conversion technologies. Compared to a 
conventional hard coal fired power plant, there is a 
net C 0 2 saving for photovoltaics after some 1500-
5000 hours of full load operat ion, depending on the 
kind of PV technology. In modera te climate areas, 
this should correspond to 16-54 months of service 
life, in more southern regions to about half that 
value. Compared to modern combined cycle plants 
using natural gas at efficiencies exceeding 5 2 % , the 
specific C 0 2 savings with solar systems are smaller: 
PV stations have lower accumulated specific emis-
sion only after 4500-12 500 hours in full load opera-
tion. This estimation should apply to comparable 
power plant size in the upper M W range. Obviously, 
smaller PV units could be compared only with 
smaller power sources like diesel generator sets 
which have a lower efficiency and thus higher speci-
fic emissions. 

Several conclusions may be drawn from this dis-
cussion. Firstly, it is obvious that , as long as fossil 
combustion technologies are employed, energy sav-
ing is the most efficient way to reduce C 0 2 emission. 
It is further obvious that , by replacing less efficient 
combustion technologies with eg modern combined 
cycle plants, a significant reduction of the specific 
C 0 2 emission is achieved. Next, renewable energy 
conversion is not yet a C 0 2 free process since, for 
the construction of the power plant, energy is re-
quired which may be fossil in origin. With increasing 
operation time of the renewable technology, how-
ever, the net C 0 2 saving may assume considerable 
dimensions. 

For the construction of a PV power plant based on 
the single crystalline silicon technology, a relatively 
large amount of C 0 2 is released. For the , so far, 
relatively small PV market , there was no severe 
need for optimization of the energy balance of the 
production process. Large-scale manufacturing in 
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SOLAR-ASSISTED OPERATION OF 
CONVENTIONAL POWER PLANTS 

Except for special market segments (eg irrigation, 
ventilation), a purely solar power plant without 
storage facility of fossil back up system is not very 
attractive. One reason is the discontinuous supply of 
solar energy not adequately matching the load curve 
of a typical consumer population. A second reason, 
applying to solar thermal receivers, is the fact that, 
especially in the presence of single clouds, the 
output power may be subject to strong variations in 
time causing major problems with the regulation of 
the bottoming steam cycle. This is a strong argument 
for the concept of combined solar/fossil power 
plants. 

If the peak load occurs during the evening hours, 
as is common in many industrialized and Third 
World countries, peak power can only be supplied 
by another , separately operated non-solar power 
station. Since both solar thermal and conventional 
power plants are based to a large extent on the same 
operation principles, numerous components identi-
cal to both systems may be integrated in one solar-
fossil hybrid. In this way the total investment is 
significantly reduced over that required for two 
single plants. The hybrid system may be optimized 
for maximum saving of fossil fuel at constant load 
(fuel saving concept) or, alternatively, for maximum 
power increase by the solar part of the system (solar 
booster) , if the peak load is expected in the after-
noon hours. 

In Figure 6 possible savings of C 0 2 are shown for 
two selected solar-fossil hybrids: assuming a max-
imum 37% solar contribution to the output power of 
87 M W (at 2200 kWh m

2
 pa of insolation over 3500 

hours pa) , about 17.6% of C 0 2 may be saved in a 
solar-natural gas fired combined cycle power plant 
with respect to a purely fossil operat ion. In a solar-

6 9 

future will increasingly have to account for the 
energy balance of the system and switch production 
processes and possibly materials; this has to be seen 
also within each entrepreneur ' s responsibility for 
most economic manufacturing facilities. 

Finally, in order to reduce the relatively high 
energy requirement for supporting structures and 
foundations, PV modules should, as far as possible, 
be integrated in existing structures of buildings eg 
roofs, façades and possibly semitransparent windows 
in office buildings. Fur thermore , increasing cell effi-
ciencies in the future will yield a C 0 2 balance of 
photovoltaic systems which is even more favourable. 



Renewable Energy Technologies 

Table 4. Options for solar energy storage. 

Operation 
temperature Operational life 

System (°C) Cycles Years Characteristic features
3 

Lead-acid -10-50 150-1400 4 Developed, cost-effective system; medium energy density; not 
suitable for low temperatures; small cost reduction potential 

Nickel-cadmium -20-50 > 2000 5 Developed; high power density; robust; suitable for low 
temperatures; expensive system; problematic materials 

Redox flow 0-50 > 1000 4/20 Demonstrated; low energy density; good lifetime for redox 
solution; no low temperatures; high cost reduction potential 

Zinc-bromide 0-50 > 600 4 Demonstrated; good energy density; regular total discharge 
required; bromine problematic 

Sodium-sulphur 280-350 3000 < 3 Demonstrated; high energy density; thermal self-discharge 
serious problems with lifetime; very expensive 

Water electrolysis + fuel cell 80-120 1000 4 Demonstrated for solar application; poor energy yield (50%); 
expensive technology so far; C 0 2 free fuel; essential 
technologies for solar hydrogen economy 

Note:
 a

Low temperatures are defined as below — 10°C. 

hard coal fired hybrid, the C 0 2 saving may reach, 
under similar conditions, some 20 .8% compared to 
the conventional case. As expected, under full load 
operation of the hybrid power plant (7000 hours pa) , 
these specific C 0 2 savings reduce to 8.8% (natural 
gas) or 10.4% for the coal fired plant. It is seen in 
Figure 6 that the specifically higher C 0 2 release 
during the construction phase of the solar-fossil 
hybrid plant is compensated already after some 
3500-7800 of solar full load hours which are reached 
in the sun belt after 1V2 to 3

l
/2 years of service life. 

The SEGS plants in California discussed above 
are based on the solar booster concept, for which a 
maximum 2 5 % fossil contribution has been set by 
local legislation. With typically 1300 full load hours 
pa, these plants are able to supply peak load electric-
ity in the afternoon hours only. 

STORAGE OF SOLAR ENERGY 

Strategies for a zero emission operation of a solar 
power plant must address the question of energy 
storage. Storage is most important in stand alone 
systems and in those cases where the interconnecting 
utility grid is too weak to allow for a significant 
energy transport over longer distances thus impro-
ving, at least to some extent, the local load factor. 

In solar thermal concepts, heat buffering units 
may be integrated into the system; storage for more 
than a few hours, however, remains problematic. 
For photovoltaic generators, if major storage facili-
ties such as pumped hydro power stations are not 
available, battery storage or the direct production of 
a solar fuel remain the only options. 

In principle, several battery types should be suited 
to storing solar energy quite efficiently. The most 

common rechargeable battery system is the l ead-
acid accumulator, followed by the more expensive 
nickle-cadmium system. More interesting recharge-
able batteries are in the development stage and not 
yet commercially available. The most important 
properties of selected storage concepts are summa-
rized in Table 4. 

The reason for the rather intensive development 
efforts for new batteries, both for load levelling 
purposes (eg the Moonlight Program in Japan) and 
for the storage of renewable energy, is the hope of 
significantly improving the economics of battery 
u s e .

2 4
 The cost of electricity from a PV generator in 

southern countries has fallen already to a level 
(about 1 D M or US$0.6 per kWh) which is typical 
also of the cost of energy storage in lead-acid 
batteries. If PV systems are to gain a significant 
share in the power market , there will be no way 
round a parallel development of a reliable, long-
lived storage system at costs significantly below 
present values. 

One storage option is the production of hydrogen 
( H 2) through electrolysis of water. Something of a 
drawback of this concept is the rather poor efficiency 
of 50% or less for the production of hydrogen and its 
reconversion to electricity, even if advanced elec-
trolysis and fuel cell technologies are employed. As 
a consequence, for short-time storage of up to a few 
days, batteries should retain their edge over hy-
drogen. However , since the raw material water is 
obtained at negligible cost compared with the energy 
content of hydrogen, H 2 has to be considered an 
interest ing opt ion whenever large quantities of 
cheap (or otherwise lost) energy have to be stored 
for a relatively long t ime. In concepts for the com-
bined transport of electricity and hydrogen from eg 
Northern Africa to Central Europe , hydrogen is 
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Figure 7. Solar energy end use: costs (as of 1992) for electricity, heat and 
road traffic, and comparison with conventional technology.

3 

Note:
 a

 For traffic no depreciation of vehicle is included. For reciprocating engine car 
45 kWh/100 km assumed; for battery car 30 kWh/100 km; with PEM fuel cell 15 
kWh/100 km. 

assuming simultaneously the role of a transportable 
energy carrier and an energy buffer; for a detailed 
discussion we refer to the article by W i n t e r .

2 5 

COSTS OF SOLAR ENERGY 

As outlined above, the technical potential for the 
use of solar energy is exceeding the actual solar 
contribution to the total world energy consumption 
by several orders of magnitude. In other words, in 
spite of the option of tapping an energy source given 
to us at no cost (of supply), conventional combustion 
technologies are dominating the energy market by 
more than 8 0 % . On the one hand this may be due to 
the enormous infrastructure built up for the ex-
ploitation and distribution of fossil energies to en-
sure a high degree of security of energy supply, 
especially in industrialized countries. On the other 
hand, the relatively high cost of investment in solar 
technologies has so far prevented its broader use. 
Figure 7 at tempts roughly to compare the cost of 
solar energy with the competing energy prices that 
we are used to today. The costs were estimated on a 
1992 basis (1 US$ = 1.65 D M ) assuming a state of 
the art technology or cost targets for demonstrated 
technologies respectively. 

It is seen that solar thermal collectors are close to 
being economic in countries with high solar irra-
diance if compared to the wholesale prices for fossil 
fuel; if retail prices for energy are taken for compari-
son, their operation is already quite economic. 

Conventional central power stations are produc-
ing electricity at costs of about 0.1-0.15 DM/kWh 
not including transmission, distribution and storage 

of electricity, the latter being factors of considerable 
importance, especially in scarcely populated areas. 
Solar thermal and PV stations are more expensive by 
about a factor of 4-30, depending on the annual full 
load operat ion time and on whether battery storage 
is included or not. However , in many developing 
countries, electric grids are not very extensive or 
overloaded for most the t ime, and an adequate 
compensation of the reactive power is missing. Fre-
quent power shortages are often the consequence. 
Decentralized solar power generation units close to 
load centres should significantly improve the secur-
ity of power supply, especially if solar-fossil hybrid 
plants are installed. The costs for installation and 
operation of such hybrid plants should lie between 
purely solar and conventional stations. 

The most expensive solar technology at present is 
photovoltaics with integrated battery storage. In 
highly insolated countries, about 2 DM/kWh must 
be projected, with half of the cost being due to 
battery storage. The high investment, however, may 
be compensated in the long run by virtually mainte-
nance free operat ion. At present , small-scale PV 
power generation systems are most interesting for 
remote areas where an electricity grid does not exist. 

The state of the art of battery technology for the 
propulsion of electric vehicles is barely satisfactory. 
Compared with liquid fuels and the use of internal 
combustion engines, the energy and power densities 
of all battery systems are small and the specific costs 
high. It seems that the use of electric vehicles will be 
limited, for some time to come, to densely populated 
areas. 

With its high energy density (about half that of 
fossil fuels), liquefied hydrogen has the theoretical 
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PERSPECTIVES FOR COST 
REDUCTION OF SOLAR POWER 
PLANTS 

The cost reduction potential for solar components 
(eg collectors) is certainly higher than that of con-
ventional components commonly used in established 
power plant technology. This tendency is reflected in 
Figure 8, showing the specific installation costs of 
the major solar thermal demonstrat ion plants as a 
function of the power plant capacity. Apparent ly at 
some 5000 DM/kW, a limiting value is reached for 
the more favourable farm concept which is largely 
due to the trough collectors becoming a determining 
cost factor. 

In photovoltaic power generation, a large number 
of standardized modules are switched together in 
order to get a sufficiently high dc voltage for the 
subsequent conversion to ac electricity. The costs for 
PV generators have long been determined mainly by 
the module component , the production costs of 
which have continuously decreased over the past 
years from values above US $40/Wp by the mid-

1 10 1 0 0 1 0 0 0 10 0 0 0 

C u m u l a t e d P V m a r k e t ( M W ) 

Figure 9. Evolution of prices with cumulated production of PV modules 
(1976-2000). 

Source: Strategies Unlimited, Five-Year Market Forecast 1989-94, Report M32, 
Mountain View, CA, 1990 and Overview of Photovoltaic Industry Status 1991, 
Mountain View, CA, 1991. 
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Figure 8. Specific costs of solar thermal power stations 
(farm and tower concept). 

potential for widespread use, if problems with 
storage and handling (eg refuelling) can be solved. 
Produced from solar energy, the energy balance of 
the conversion chain through photovoltaics, elec-
trolysis and liquefaction is rather poor , resulting in 
specific costs per kilometre that are higher by a 

7 2 

factor of 20-50 compared to conventional vehicle 
technology (Figure 7). 

So-called social costs accounting for the con-
sequences of use of a given technology were not 
included in the estimation above (this concept would 
penalize conventional, non-renewable technologies.

26 

It is our feeling that giving substantial figures on 
social costs is becoming increasingly difficult. 



1970s to now less than an average of US$6/Wp. For a 
mid-size plant (eg 100 kW) these costs have to be 
doubled in order to account for the mechanical and 
electronic components of a complete PV generator . 
Extrapolation indicates that upon further increase in 
production capacity module prices stabilizing below 
US$4/Wp can be expected. Part of this further cost 
decrease should be achievable by a bet ter utilization 
of the production capacity, and part by new tech-
nological approaches. There is the prospect of a 
significant cost reduction, especially for thin layer 
PV technology, since in laboratory-scale experi-
ments sizeable improvements in the understanding 
of several materials ' propert ies and cell design fea-
tures have been achieved during the past years. At 
the same t ime, though, efficiency improvements of 
industrial modules have been slow. To reduce the 
production cost of PV modules significantly, both 
increases in cell efficiency and production on an 
industrial scale are necessary. With increasing world-
wide shipments of PV modules , large-scale factories 
should become a reality. However , not only the 
production costs of modules , but also those of 
electronic components such as charge regulators, 
inverters etc have to be reduced as well. 

Larger utility-scale demonstrat ion programmes in 
the megawatt range, as initiated by the US D O E , 
US, German , and other countries ' governments and 
utilities, seem quite appropriate to test and further 
improve PV modules from different pilot production 
lines. Decentralized PV electricity generation prog-
rammes in countries with highly developed electric-
ity grids like the 1000 roofs initiative by the German 
government are helpful ways of gaining experience 
and achieving a reduction in fossil fuel consumption. 
Such programmes should thus be pursued further. 
On a global scale, however, if we want to boost the 
use of renewable (including solar) technologies con-
siderably beyond its present level, there seems to be , 
in a free market economy, no way around raising the 
prices of fossil fuels. 

CONCLUSION 

Compared to the enormous theoretical and technical 
potential of solar energy conversion, little use is 
being made so far of already developed and demon-
strated solar technologies. Solar thermal and photo-
voltaic generators are reliable and safe, and they 
offer the prospect of significant fuel savings in 
combined solar-convent ional heat hybrid power 
plants as well as in stand alone systems. Solar 
thermal power plants (with an integrated fossil back 
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up system) are close to being economic in areas with 
high solar irradiance. The use of PV generators is, so 
far, limited to small-scale remote applications. 

For strategies of a massive C 0 2 reduction, energy 
conservation together with the broad-scale imple-
mentat ion of renewable technologies, including the 
combined use of solar- thermal and PV systems, 
become indispensable. But the question of energy 
storage has to be addressed again. Present battery 
concepts are based mostly on the lead-acid accumu-
lator, a mass product for which a further significant 
cost reduction is required but seems unlikely. The 
development of alternative storage systems should 
thus be supported further. 

A significant reduction in the cost of PV systems 
has already been achieved, but further reductions 
are still necessary. For a large-scale use in the power 
sector, production processes must be developed for 
efficient thin layer modules requiring less energy 
than the presently prevailing crystalline silicon tech-
nology. PV components should preferably be inte-
grated into existing structures of buildings, thus 
reducing or avoiding the need for investment in 
components such as supporting structures or founda-
tions. In addition, feeding power into the electricity 
grid would reduce emissions and limit the need for 
expensive batteries. 

Subsidies for the build up of large-scale produc-
tion lines for PV components may be one option to 
enhance the dissemination of solar energy systems. 
On a shorter timescale, however, major worldwide 
demonstrat ion programmes for remote applications, 
and for feeding solar electricity into the public grid 
by means of decentralized and large-scale central 
systems, seem more appropriate to improve our 
understanding of PV systems thus stimulating, at the 
same t ime, the demand for building large-scale PV 
factories. 

What we need further are concepts that encourage 
technical innovation by putting inefficient, obsolete 
combustion technologies at a disadvantage. Penaliz-
ing pollution and emissions seems the most effective 
approach, and it should be pursued in a determined 
but careful way. The problem has long become a 
global one and, given the variety of technological 
systems that engineers have invented, politicians 
have now to become more involved in the decision 
making process on what energy options should be 
chosen for the future. 
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Chapter 4 

Wind Energy 
- experience from California and Denmark 

Paul Gipe 

Man has long sought to harness the wind, but not 
since the wind was used to sail the world's seas 
and pump water from the low-lands of northern 
Europe has wind energy been used on such a 
grand scale as now found in California. Wind 
energy has once again come of age. The wind 
industry's tremendous growth during the 1980s 
has pushed the technology beyond that of merely 
another 'alternative'. Wind's success in Califor-
nia and Denmark demonstrates that the technol-
ogy works, that it can produce sizable amounts 
of electricity, and that it is economically competi-
tive. Though it suffered severe growing pains, 
and struggled through a stormy adolescence, 
wind energy is now ready to take its place among 
conventional resources. This paper examines 
how wind energy has come of age in California. 

Keywords: Wind energy; Solar energy; Electricity generation 

Not only do wind turbines today provide commercial 
bulk power in California, Hawaii , Denmark , Ger-
many, Spain, the Nether lands, and India, but they 
also serve thousands of rural residences and remote 
villages around the world. Yet unquestionably wind 
energy has made its greatest mark in California 
where the state has become a powerhouse of wind, 
geothermal, biomass, and solar-electric technolo-
gies. With a population of 30 million sprawled over a 
land area twice that of the U K , and the world's sixth 
largest economy, California has become an interna-
tional model for developing energy diversity.

1 

California wind power plants currently account for 
80% of world wind genera t ion

2
 (Denmark produces 

much of the remainder) (Figure 1). After only one 
decade of development , wind turbines provide about 
1% of the electrical generation in the S ta te .

3 

Paul Gipe is President, Paul Gipe & Associates, PO Box 
277, Tehachapi, CA, USA. 

The 15 000 wind turbines in California generate 
about 2.5 TWh/year , more than enough electricity to 
meet the residential needs of a city the size of San 
Francisco or Washington, D C . California's wind 
industry now produces the primary energy equiva-
lent of more than 4 million barrels of oil per year -
16 times the oil spilled by the Exxon Valdez in 
Prince William Sound. California wind power plants 
alone generate as much electricity as that produced 
by a medium-size nuclear reactor, or a compatible 
coal-fired power plant (Figure 2). 

While not without problems, wind energy repre-
sents a remarkable success story of the scramble to 
develop alternative energy after the oil embargoes of 
the 1970s.

4 

THE CALIFORNIA EXPERIENCE 

Wind development concentrated in California dur-
ing the 1980s for several reasons, effectively laun-
ching the commercial wind industry out of the 
doldrums of government-sponsored research. In 
1978 Congress passed the National Energy Act to 
encourage conservation and the development of the 
nation's indigenous energy resources. The act in-
cluded provisions that both opened the utility mar-
ket to non-utility generators (dependent power pro-
ducers) as well as offered tax incentives to stimulate 
development . 

The Public Util i t ies Regula tory Policies Act 
( P U R P A ) , one of the Energy Act 's many parts , 
guaranteed a market for the electricity generated by 
independent producers. It required utilities to buy 
electricity at a fair price and to sell back-up power to 
independent producers at non-discriminatory rates. 
Implementat ion, however, was delayed until the 
early 1980s as each State sought to interpret Federal 
regulations. 

Federal tax credits (15%) created by the Energy 
Act took effect almost immediately. But they were 
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Figure 1. World wind generation 1990 (kWh). 

Source: Paul Gipe & Associates, 1991. 

of little immediate help in spurring the industry's 
growth because P U R P A ' s implementation, and the 
market it opened, lagged behind. Even with PUR-
PA, utilities were reluctant to negotiate power sales 
contracts or interconnection agreements with either 
homeowners who wished to use a wind turbine for 
supplemental power, or third parties, such as entrep-
reneurs, who wished to develop wind power plants 
and generate electricity commercially. 

The situation changed in California just before 
year-end 1979. The State's Public Utility Commis-
sion (PUC) , which regulates electric utilities, fined 
P G & E (one of the USA's largest investor-owned 
utility) $15 million for not considering conservation 
and alternative energy in their mix of future generat-
ing plants. Att i tudes among the State's utilities 
towards non-utility generators suddenly softened.

6 

The following year California's ambitious gov-
ernor organized a conference to attract financial 
interest in commercial wind development. The gov-
ernor sought development in areas of California 
where State-funded studies had found developable 
wind resources. In late-1981 private firms installed 
the first wind turbines in two of the State's three 
windiest passes. 

Despite this progress, development proceeded 
slowly. So slowly that in 1983 the P U C fined South-
ern California Edison Co $8 million for failing to 
follow orders to accelerate development of cogen-
eration and other alternatives. Widescale develop-
ment of these 'alternative sources' became possible 
only after the P U C established standard contract 
terms, including one (Standard Offer No 4) which 
fixed prices over 10 years based on forecasts by each 
utility of increasing fuel costs. 

California eventually grew to dominate not only 
US but also worldwide wind development because of 
its 

Φ Resources: the State has some of the most 
energetic winds in the USA. 

• Regulatory climate: the State, until the mid-

1980s, has the most favourable purchase power 
rates and the most cooperative utilities in the 
nation. 

φ Available land: low-cost land was in abundance 
with few land-use conflicts. 

φ State tax credits: 2 5 % State tax credit in addi-
tion to the 15% Federal tax credit. (The cre-
dits, though, were not simply additive.) 

Φ Investment climate. New ideas, such as wind 
plants, are more readily accepted in California 
than anywhere else in the USA. 

Even in such a large State as California, land is an 
important commodity. The availability of land and 
its low cost enabled the industry to gain a foothold 
with what was, at that t ime, a marginal technology. 
Subsequent development has concentrated in three 
mountain passes: the Altamont Pass, east of San 
F ranc i sco ; the T e h a c h a p i Pass , nor th of Los 
Angeles; and the San Gorgonio Pass, east of Los 
Angeles. All three areas are sparsely populated 
where cattle grazing was the dominant land-use 
before development began (Figure 3). 

By the late-1980s a dozen firms were actively 
developing wind plants in California. By 1991 these 
privately-held, non-utility producers were operating 
1 5000 M W of wind-generating capacity (Figure 4). 
Three firms account for about one-half of Califor-
nia's wind generation: US Windpower, SeaWest 
Energy Group , and Zond Systems.

7 

The industry grew steadily until 1988 when the 
total number of turbines installed and the capacity 
they represented suddenly declined. The dip in 
cumulative capacity reflects the removal of inopera-
tive turbines, many of which were hastily installed 
during the industry's rapid growth in the early 1980s. 
These turbines performed poorly, if at all and contri-

W I N D P L A N T S 

S O N G S 1 
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M I L L I O N k W h / y r 

Figure 2. Comparison of wind generation with output from 
Southern California Edison Co's San Onofre nuclear 
generation station No 1 (a 424 MW reactor with an 
historical capacity factor of 60%). 
Source: Paul Gipe & Associates, 1990. 
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Figure 3. Location of California wind power plants. 

buted little to total generation. They also severely 
detracted from the overall performance of the indus-
try. 

Generat ion has grown rapidly since the first tur-
bines were installed in 1981; quadrupling from 1983 
to 1984, tripling from 1984 to 1985, and nearly 
doubling from 1985 to 1986. Increases in generation 
have moderated somewhat since 1987 because new 
turbines represent an increasingly smaller propor-
tion of the total installed, and because the major 
gains in productivity - by improved reliability - have 
already been achieved (Figure 5). 

By 1991 wind generation had become one of the 
largest producers of solar-generated electricity in 
California. Wind plants generated 10 times more 
than photovoltaics, four times that of solar-thermal 
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Figure 5. Statewide wind generation in California. 
Source: CEC; CEC PRS; and others. 

(parabolic trough) technology, and more than two-
thirds as much as biomass plants burning wood and 
agricultural wastes (Figure 6). 

The changing California market 

Since the mid-1980s the California market for wind 
energy has changed dramatically. The Federal tax 
energy credits that fueled California's growth ex-
pired at the end of 1985 and were not renewed. The 
10% Federal investment tax credit, which could be 
applied to most investments in equipment whether 
wind turbines or industrial machinery, was also 
allowed to expire at the end of 1985. California's 
State tax credit was reduced to 15% in 1986, and 
expired the following year. 

As a result of the changes in the tax code, 
investments in wind energy became less attractive 
than they once were. Though wind is still an econo-
mic investment under California conditions, the loss 
of tax credits reduced the amount of capital flowing 
to the industry. Financiers now raise capital from 
conventional sources, such as banks and leasing 
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Figure 4. Annual installation of wind generating capcity in 
California, and estimate of cumulative total by the end of 
1992. 

Source: CEC; CEC PRS; and others. 
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Figure 6. Comparison of wind generation in California 
with generation by other forms of solar electricity. 
Source: Paul Gipe & Associates, 1991. 
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THE DANISH EXPERIENCE 

Though California leads the world in wind genera-
tion, it has done so in part with Danish technology. 
About one-half of the California's wind capacity was 
built in Denmark and imported to the U S A by 
Californian companies. 

The development of wind energy in Denmark 
followed a far different path than that in California. 
Unlike the U S A where early wind turbine develop-
ment was concentrated in the hands of the aerospace 
industry, Danish wind technology grew out of the 
agricultural sector as a natural byproduct of the 
Danish economy. 

Denmark is a nation of farmers, light industry, 
and small landholders with a population of five 
million distributed uniformly throughout the flat 
countryside, and exports mainly food and agricultu-
ral implements. Denmark ' s position jutting into the 
stormy North Sea, with its 5 000 miles of indented 

coastline and open agricultural land, also endows it 
with a significant wind resource not unlike that of 
the American Great Plains. This is fortuitous, for 
Denmark is a net importer of energy. 

Danes have a cultural predisposition towards us-
ing wind energy. Not only are windmills still a 
common sight on the landscape, but wind turbines 
were used successfully during both world wars to 
meet domestic demands. The government, as an 
outgrowth of this experience, chose wind energy as 
one means to wean the country from imported oil. 
With ample wind and government encouragement , 
independent-minded Danish farmers soon created a 
demand for a new generation of wind turbines. 
Danish farm equ ipmen t manufac turers quickly 
turned their attention towards this emerging market . 

The broad distribution of people across the land-
scape, a good wind resource, and a manufacturing 
sector accus tomed to bui lding heavy , rel iable 
machinery for a rural market were the key ingre-
dients to launching a successful wind industry. Be-
cause of the country's size, manufacturers could also 
service their own turbines often directly from the 
factory. This enabled them to learn quickly from 
their mistakes and to keep their turbines in opera-
tion as physical proof to potential buyers that their 
machines were a good investment. 

These conditions contrast markedly with those in 
the U S A . Early US programmes poured research 
money into the aerospace industry in an erroneous 
belief that they, and only they, were capable of 
building successful wind turbines. However , US 
policy failed to realize that wind turbines, though in 
some superficial ways resembling aerospace technol-
ogy, are not aircraft. Wind turbines must produce 
cost-effective electricity. To do so they must perform 
like other power plant machinery: reliably over long 
periods of time with as little maintenance as possi-
ble. As a consequence, early US designs resulting 
from government research programmes were mar-
vels of the aerospace arts, highly-efficient turbines 
operating at high speeds. Unfortunately, these de-
signs proved both noisy and unreliable. Today no 
US company builds wind turbines and no designs 
from that period remain on the market . 

The one successful US manufacturer of machines 
for utility-scale applications, US Windpower, de-
signed and built its turbine without US government 
assistance. And - after several refinements of the 
basic design - US Windpower has become the 
world's largest wind turbine manufacturer, as well as 
the world 's largest producer of wind-generated 
electricity.

9
 Unlike US Windpower, which was well-

financed (and has remained so), all other US manu-
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companies, in the international market . However , 
despite the loss of tax subsidies, 5 3 % of California's 
wind capacity has been installed since the Federal 
tax credits expired. 

Equally as damaging to the industry's growth as 
loss of the tax credits was a dramatic change in the 
State's political climate, from public encouragement 
to open hostility. By the mid-1980s both the State 
and the two major electric utilities were publicly 
warning about an Oversupply' of alternative energy. 
The ensuing battle between independent producers, 
regulators, and the utilities retarded growth by shak-
ing investor confidence in the long-term contracts 
that became the backbone of the industry. The 
change in attitude also limited the availability of new 
contracts between wind companies and the utilities. 

Current development uses fixed-price contracts 
negotiated in 1984. By the end of 1992 the existing 
inventory of undeveloped, fixed-price contracts will 
be exhausted. Unless new contracts are issued in the 
interim, expansion of wind energy in California will 
come to a halt. 

Recently, however, the trend towards discourag-
ing further wind development appears to have re-
versed directions. In late-1990 the California Energy 
Commission (CEC) issued a widely publicized re-
port concluding that new generating capacity will be 
needed during the 1990s and recommended that 
50% of this new capacity should come from renew-
ables. The P U C , which has jurisdiction over con-
tracts between utilities and non-utility generators, 
has yet to ac t .

8 
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Figure 7. The availability for operation of selected Califor-
nia wind power plants. All projects installed since 1987 
have been available for operation 95-97% of the time. 
Source: R. Lynette 

facturers were small, undercapitalized firms with 
little staying power. 

The Danish firms that entered the market were 
m e d i u m - s i z e d m a n u f a c t u r e r s , e x p e r i e n c e d in 
marketing to a rural clientele, and were moderately 
financed. This has not prevented several noteworthy 
failures of Danish manufacturers and the restructur-
ing of the Danish industry, but it has permit ted them 
to establish a manufacturing base that remains a 
major force on the world stage. 

The huge geographic size of the US market , the 
vast difference in terrain and wind speeds also 
hindered the development of a successful domestic 
indsutry. As in Denmark , nearly all early marketing 
efforts focused on rural applications for homes and 
farms. This resulted in the distribution of machines 
across the expanse of the continent, many of which 
were installed in areas of low winds. The small US 
firms, and their distributors, could not adequately 
service such widely scattered turbines. The turbines 
that failed often remained inoperative and discour-
aged potential buyers from following suit. When 
these small firms encountered technical problems 
they were often unable to correct them, and they 
quickly failed. 

Denmark has consistently followed a national 
policy of promoting a strong domestic market for 
wind energy. To launch a domestic industry and 
encourage the use of alternative energy the Danish 
parliament provided tax benefits worth 30% of the 
initial cost. Gradually, as the industry proved its 
success on the home and international markets , 
these subsidies were reduced. By the late-1980s the 
tax benefits no longer applied to turbines in com-
mercial wind plants. By 1989 these subsidies had 
been reduced to only 10% of the turbine's initial 
cost, and in 1990 they were eliminated entirely. 

Even with reduced subsidies, Denmark ' s home 
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market still accounts for about 300 turbines/year. 
Some 50 000 Danes - 10% of the population - have 
invested in Danish wind energy; one-fifth in Danish 
wind plants built in California. 

In contrast to California, most turbines in Den-
mark serve homes, farms, or small businesses, and 
most installations comprise only one turbine. There 
are few wind plants, and these are small by US 
standards. Wind plants account for only one-fifth of 
the turbines erected in Denmark . Most Danish wind 
power plants are small enough that they themselves 
could be viewed as clusters of distributed, or indi-
vidual, turbines. Both the number and size of Dan-
ish wind plants are a fraction of those in California. 
The average size of Danish wind plants varies from 
10 to 50 turbines each - the single, largest project 
using 100 turbines. By the late-1980s projects in 
California had reached 300-600 turbines. 

Despite the differences between California and 
Denmark , development of the technology has prog-
ressed similarly on both sides of the Atlantic. 

PRODUCTIVITY 

Wind turbine productivity has improved dramatical-
ly during the past decade in both California and 
D e n m a r k . Wind plants in the Al tamont Pass, 
according to P G & E , are meeting about 70% of their 
energy goa l s .

1 0
 By the late-1980s new California 

projects were consistently meeting their projections. 
US Windpower , which generates nearly 2 5 % of the 
State's wind energy, produced 90% of their esti-
mated output in 1988 and 8 3 % in 1989 (Figure 7). 

The productivity of California wind plants has 
increased by more than 40% since 1986 when the 
State of California began tracking production (Fig-
ure 8). The specific yield has increased from 475 
k W h / m

2
 in 1986 to 685 k W h / m

2
 of rotor swept area 

in 1989 at an average capacity factor of 18%. Better 
performing projects deliver from 800 kWh/m

2
 to 

1 200 k W h / m
2
 and capacity factors of 20 -30%. Cali-

fo rn ia ' s mos t p r o d u c t i v e t u rb ines s tand a top 
Whitewater Hill in the San Gorgonio Pass where San 
Gorgonio 's Farm's 200 turbines produced 1 200 
k W h / m

2
 in 1989 at a capacity factor of 3 9 % .

1 1 

Currently, performance projections - tempered by 
experience - for good sites in California average 
about 1 000 kWh/m

2
. 

Improvements in Denmark resemble those in 
California. By 1989 more than two-thirds of the 
privately owned wind turbines in Denmark , nearly 
2 000 units, were regularly reporting production and 
availability data to the Danish Association of Wind-
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Figure 8. Relative productivity of California wind power 
plants as measured by kWh/m

2
 of rotor swept area. 

Notes: The first four bars represent the Statewide average. US 
Windpower (USW), Wintec, and San Gorgonio Farms (SGF), are 
some of the best performing wind plant operators. US Windpow-
er operates the world's largerst wind plant: 3 300 turbines in 1989. 
The 200 turbines at San Gorgino Farms are the world's most 
productive. 
Source: CEC PRS. 

mill Owners. (Danish utilities operate additional 
turbines.) The Danish industry has seen a consistent 
production improvement since the introduction of 
the first 55 kW model , a turbine with a rotor 14.5-16 
metres in diameter. The improved performance, an 
increase in generation from 1981 to 1984 of 4 8 % , 
resulted from improved availability, increasing use 
of taller towers, increasing swept area relative to 
turbine rating, improved efficiency, and better 
s i t ing.

12 

Improved reliability has played a major role in 
both California and Denmark . During the early 
years, major failures occurred in half of those tur-
bines installed at any one time in Denmark . The 
failure rate , though, has rapidly declined. The tur-
bines in the Danish reporting programme are now 
available for operation from 8 5 % to 80% of the 
time. 

The average performances of all turbines in Den-
mark is similar to that in California .

13
 Danish wind 

plant at sites with average annual wind speeds of 
5.5-7.5 m/second produce about 700 kWh/m

2
 of 

rotor swept area. Because larger machines are show-
ing higher specific yields than their predecessors, 
yields are expected to reach 800 kWh/m

2
 in the early 

1990s as newer, more productive turbines are instal-
led. Two small wind plants installed in the mid-1980s 
at well exposed coastal sites are producing 800-880 
kWh/m

2
. Several 25-metre diameter turbines on 

Jutland's west coast are yielding 1 100-1 400 kWh/ 
m

2
. 
As demonstrated on Denmark ' s west coast and 

recently in California as well, intermediate-size tur-
bines (those 25-35 metres in diameter) have now 
reached the productivity of their small, more 

proven, counterparts (Figure 9). Most experience 
with multi-megawatt wind turbines (50-100 metres) 
suggests that , contrary to the view just a decade ago, 
intermediate size turbines may be the most cost 
effective. U p to a point, operators gain savings from 
increasing rotor size by spreading operation and 
maintenance costs over greater generation. No more 
people are required to service a 27-metre turbine 
than a 15-metre machine, but the bigger turbine 
captures more than three times more ene rgy .

1 4
 But 

there are significant diseconomies associated with 
multi-megawatt turbines and it now appears that 
overall costs for turbines beyond somewhere in the 
30-40 metre diameter range outweigh any projected 
benefits. 

COST OF WIND GENERATION 

Recent studies have confirmed the industry's con-
tention that wind energy has become competitive 
with conventional sources. Typically these studies 
have assumed that wind plants can be installed for 
$1 100-$1 3000/kW, perform at capacity factors of 
about 2 5 % and operated and maintained for tfl-1.4/ 
kWh over 20-30 years. The most important of these 
are studied by the C E C , P G & E , and the Electric 
Power Research Institute (EPRI ) . 

The C E C staff has issued two reports on the cost 
of future generating sources. One examined 'econo-
mic' costs only, the second examined economic, 
environmental and social costs. Wind energy not 
only leads most alternatives, but it also competes 
well against conventional sources including coal. 
Every two years the C E C evaluates some 200 energy 
technologies, the resulting Energy Technology Status 

<5 3 0 0 
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7
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Figure 9. Comparative wind turbines size. Most wind 
turbines operating in California and Denmark today are 
15-18 metres in diameter, or 50-70 kW of capacity if rated 
conservatively. Most turbines currently being installed are 
27-28 metres in diameter. 
Source: Paul Gipe and Associates, 1991. 
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Figure 10. Cost of new electrical generation (constant 
$1987). 
Notes: The estimated cost of new generating sources by investor-
owned utilities, levelized over 30 years, in constant US$1987. 
Though photovoltaics are not shown, the CEC estimated that 
under similar conditions PV-generation would cost #22.7-31.3/ 
kWh. 
Source: CEC; 1990 ETSR. 

Report reviews the commercial and economic feasi-
bility of each technology. The study then 'provides 
critical input ' into the CEC ' s energy policy recom-
mendations. The C E C also uses the report when it 
tests the justification for any new power plant in the 
State, and, as such, becomes an important reference 
for the C E C and other State agencies. Because of 
the State's pivotal role in energy policy, the report 
also carries weight with Federal agencies and re-
searchers worldwide. 

The 1990 Status Repor t compared the costs of 
electricity from new generating plants using a variety 
of technologies, in roles from baseload to peaking, 
and under various ownership. The staff found that 
wind plants comparable to those being installed 
today, when built by investor-owned utilities, could 
generate electricity for 04.7-7.2/kWh over the life of 
the plant. This includes the cost of capital, opera-
tions and maintenance, as well as the cost of replac-
ing major components (Figure 1 0 ) .

1 5 

Other studies, both in California and Denmark , 
are finding similar results. P G & E , the utility serving 
northern California, estimates that the levelized cost 
of a new, utility-owned wind plant is about #5/kWh 
in constant do l l a r s .

1 6
 E L S A M , the Danish utility 

serving western Denmark , expects new wind plants 
to cost ^5 .3 -8 /kWh.

1 7 

Denmark ' s Risoe National Laboratory found that 
the levelized cost of a typical 25-metre turbine 
installed at a good Danish site was 33.4 ore (tf5.6) 
per kWh. The Danish researchers concluded that 
wind plants 'can today compete on a purely econo-
mic basis with coal-produced electr ic i ty . '

18
 E P R I , 

the research arm of US investor-owned utilities, 

Wind Energy 

Table 1. Energy technologies highest to lowest economic, social, 
and environmental cost. 

Test case 'Price' case 
Oil Fuel cells 
Nuclear Oil 
Coal Nuclear fission 
Natural gas Coal 
Cogeneration Ocean thermal 
Fuel cells Photovoltaics 
Municipal solid waste Municipal solid waste 
Geothermal Cogeneration 
Ocean energy Geothermal 
Hydroelectricity Solar thermal electric 
Photovoltaics Natural gas 
End-use (conservation/solar) Hydroelectric 
Biomass Biomass 
Wind Wind 
Solar thermal electric End-use (conservation/solar) 

Source: M. DeAngelis and S. Rashkin, Social Benefits and Costs 
of Electricity Generation and End-Use Technologies, California 
Energy Commission, staff report, Sacramento, CA, USA, 1989. 

81 

reached a nearly identical conclusion. At good sites 
'wind power costs about 08/kWh, just about the 
same as power from more conventional sources . '

1 9 

Another C E C study examined which technologies 
are a bet ter buy when social and environmental costs 
are included. The study by the CEC's R & D office 
a t tempted to account for the hidden costs of conven-
tional sources, such as the air pollution from coal-
fired power p l a n t s .

2 0
 C E C adapted a weighting 

technique, first developed for land-use planners, to 
the task. They arbitrarily gave each impact a unitary 
value to avoid becoming bogged down in determin-
ing the degree, or severity of each. The actual 
numbers are not as important , according to the 
study, as the realization that social and environmen-
tal costs are real, and significant (see Table 1). 

Even today, decisions on what kind of power plant 
to build still depend primarily on price. To gage the 
effect of 'price' on their results, the C E C boosted the 
value of price to five times that of the 'social' costs to 
compensate for any bias against fuels, such as oil and 
gas, with heavy social and environmental impacts. 
By weighting the costs of hidden subsidies, pollu-
tion, energy security, and waste disposal, as well as 
the price of the resulting electricity, the C E C found 
that wind generation costs a fraction of that from oil, 
nuclear, coal, and natural gas. Even when the im-
portance of price was emphasized, wind - as well as 
efficiency - was found to come out ahead. The C E C 
concluded ' that there are certain technologies which 
remain at the ends of the list in both cases. Oil 
combustion, nuclear fission, fuel cells, and coal are 
among the highest cost. ' Similarly, efficiency, wind, 
biomass, hydroelectric, and solar thermal electric 
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Figure 11. Operation, maintenance, and fuel costs. 

Source: Utility Data Institute, Washington, DC, USA; and R. 
Lynette and Associates, Bellevue, Washington, DC, USA. 

'are among the lowest-cost technologies in both 

case. ' 

Maintenance costs 

Like nuclear power, wind plants are capital intensive 
and like nuclear the running costs of wind plants 
should be very low. Wind's proponents have often 
argued that wind plants would generate electricity 
inexpensively once the plants were amortized. By 
1986 enough operating experience with wind tur-
bines has been gained to determine with some 
degree of certainty their operations and mainte-
nance costs. The cost to operate and maintain wind 
plants averages about tfl.4/kWh.

21
 This represents 

about half the cost to operate , maintain, and provide 
the fuel for coal-fired and nuclear-power plants, and 
about one-third the cost of that for oil- and gas-fired 
plants in the USA (Figure 11). 

Unlike other capital-intensive energy technolo-
gies, wind plants also require a fair amount of 
labour. There are currently 1 500-2 000 people per-
manently employed in California's wind industry. 
According to the Worldwatch Institute, results from 
California indicate that wind is the most labour 
intensive of the energy technologies it examined 
(Figure 12) .

2 2 

Environmental costs 

There are environmental costs to wind plants, princi-
pally their aesthetic impact on the landscape, and 
their noise level on nearby residents. Whether wind 
turbines are 'noisy' or not is as much a subjective 
determination as is their aesthetic impact. All wind 
turbines create unwanted sound - or noise - some to 
a greater degree than others. The sound of the 
blades swishing through the air is unique to wind 
turbines. But there is also the more familiar sound of 

whirring gears inside the transmission or the hum of 
the generator . 

These sounds are not 'unhealthy' in a technical 
sense - they do not interfere with normal activities 
any more than the sounds common in any urban or 
suburban setting. Nor do they create any significant 
impact in a technical sense. But they are new, and 
they are different. People who live in the rural 
settings where wind turbines are suitable do so 
because they prefer the peaceful lifestyle of the 
county to that of the city. Long-time residents are 
accustomed to the relative quiet of rural life. The 
addition of new sounds, which people have had little 
or no part in creating, and from which they receive 
no direct benefit is disturbing. No matter how insig-
nificant it might be , these new sounds signify an 
outsider 's intrusion. This effect becomes magnified 
when the source, such as wind turbines, are also 
visible. Where wind turbines have been seen as an 
intrustion on an otherwise rural setting, some have 
objected to them on the grounds of their noise 
impact. 

Of far more importance are concerns about the 
amount of land required for wind plants and the 
subsequent effects on the landscape. Critics charge 
that wind plants require more land than convention-
al power plants because the energy in the wind is 
more diffuse than that , say, in coal. The same 
argument has often been leveled at other sources of 
solar energy. However , a recent study for the US 
Depar tment of Energy concluded that , contrary to 
widespread belief, solar-electric technologies con-
sume no more land than coal or nuclear plants 
through their entire fuel cycle. 

However , wind plants do occuply land (Figure 
13). Field experience indicates that wind projects in 
California occupy about 18 acres (7.1 ha) per M W .

2 3 

Solar 

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 
Direct employment/TWh/yr 

Figure 12. Direct employment from various electricity 
generating technologies. 

Source: Flavin and Lenssen, op c/7, Ref 22. 
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Luz Coal SMUD Solar One Wind 

Figure 13. Wind and solar land-use area occupied ν area 
used. 

Notes: Comparison of the land occupied and used by various 
electricity generating technologies. Luz = solar parabolic troughs, 
Kramer Junction, CA, USA. Coal = includes mining; SMUD = 
two 1 MW photovoltaic plants at the Sacramento Municipal 
Utility District's Rancho Seco nuclear staion; Solar One = 10 
MW central receiver near Barstow, CA, USA; Arco = MW 
Carizzo Plains photovoltaic plant. 
Source: Paul Gipe and Associates, 1991. 

The land requirement is slightly greater in Denmark , 
about 30 acres (12 ha) per M W because of greater 
spacing between turbines. Wind plants use only a 
small portion of the land they do occupy typically 
less than 1 5 % . The US Bureau of Land Manage-
ment estimates that 10% of the soil on one project 
monitored was disturbed by the wind p l a n t .

2 4
 In the 

Altamont Pass, some of the lease agreements be-
tween landowners and wind plant operators general-
ly stipulate that no more than 5 % of the leased land 
can be removed from graz ing .

2 5 

European wind plants disturb even less land than 
those in California. On at least two European wind 
plants the land is tilled up to the base of the tower 
and no allowance is made for access roads or even 
surface expressions of the foundation. When access 
is needed for heavy equipment , temporary roads are 
laid over the tilled soil. At the Veiling Maersk-
Taendpibe plant on the west coast of Jutland only 
3.2% of the land is used by the wind plant and most 
of that is for the roads that were already present 
when the plant was built. 

Public opinion 

Regardless of the true impacts of wind technology, 
whether wind realizes its ultimate potential or not 
will depend on how people perceive it. In general 
surveys have found that those who favour wind 
energy are more likely to find wind's impact on the 
community acceptable, while those who vehemently 
object to wind development will oppose it despite 
mitigation measures. 

In a survey of public perceptions of the Al tamont 
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Pass, researchers from the University of California 
at Davis (UC Davis) found that , overall, people 
agreed that wind projects symbolize 'progress ' , 
'alternative to fossil fuels', and 'use of safe and 
natural energy ' . Those who liked wind energy 
weighed their symbolic value heavily, whereas those 
who dislike them responded to more 'basic visual 
attributes such as conspicuousness, clutter and un-
attractiveness. ' The U C Davis team found that those 
favouring wind energy 'were willing to forgive the 
visual intrusion of the turbines on the existing land-
scape for the presumably higher goal of the project, 
whereas dislikers were n o t . '

2 6 

This 'visual intrusion' elicits the greatest negative 
response. Though wind plants cause some environ-
mental impacts, the principal impact is clearly visible 
for all to see. There 's no containment building 
around a wind plant shielding it's inner workings 
from view. The principal environmental cost of wind 
energy, when all else is accounted for, is that its 
visible. Wind turbines cannot be hidden from view. 
Ironically, this aspect symbolizes wind energy's prin-
cipal assets: the costs associated with wind energy 
are not obscured, buried, or shoved off on future 
generations. 

Even a critical study on the potential impact of 
wind plants in the Los Angeles National Forest 
found that 'a wind energy development could be a 
dynamic and exciting addition to the landscape' . . . 
and would show the public where some of their 
energy comes from, which would increase public 
awareness of energy generat ion, and the costs 
associated with i t .

2 7 

Whether this visual intrusion is acceptable or not 
is often determined by whether the viewer sees wind 
turbines as useful. The effect of spining and non-
spinning turbines on the viewer's judgment of 'use-
fulness' cannot be overemphasized. When the tur-
bines are spinning they're perceived as being benefi-
cial. Even those opposed to wind energy often note 
that they would moderate their position if the tur-
bines 'worked ' more often. Wind turbine's visible 
operat ion and non-operation is often perceived by 
viewer's in terms of reliability. When the turbines 
are idle, for whatever reason, viewers see wind 
energy as 'unreliable. ' Because the eye is adept at 
detecting motion, the absence of motion among a 
mass of wind turbines attracts disproport ionate 
at tention. In low winds many turbines will not be 
spinning because of the wide disparity in the wind 
from one site to the next. Wind turbines at typical 
California sites will be in operation only one-half of 
the time because of the variations in the wind alone. 

No where has the question of environmental im-
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Visual q u a l i t y Health and safety Envi ronmenta l impact Acceptance 

Figure 14. Public preference for various electricity gener-
ating technologies. 

Notes: Vis. Quality = Visual quality; Hlth & Sfty = Health and 
safety; Env. Impact = Environmental impact; Accept. = Overal 
acceptability. 
Source: Thayer, op cit, Ref 29. 

pact from wind energy been more acute than in the 
San Gorgonio Pass near Palm Springs. The area is 
the scene of the most protracted, bitter, and well-
known controversy over the value of wind energy. 
The consequences of the controversy there have 
been far reaching, not so much for the numbers of 
people involved, but because of their celebrity sta-
tus, and political influence. The situation is some-
what reminiscent of the furore surrounding the 
Eiffel Tower. Though no famous writers or artists 
are involved as in the Paris of 1889, they've been 
replaced by Southern California's equivalent: retired 
entertainers and powerful ex-presidents. 

Thus the stage for the most telling public opinion 
survey conducted to date . Performed by contractors 
to Riverside County in 1986, the telephone survey, 
because of its conclusions, remains controversial to 
this day. All of those surveyed were from Palm 
Springs and the small communities nearby. Most 
(58%) lived within two miles of the wind turbines, 
the remainder lived 2 to 5 miles away. Of those 
within two miles, three-fourths could see the tur-
bines. 

The results shocked wind's critics as well as some 
elected officials who had staked their political 
careers on fighting wind turbine 'blight'. The survey 
found most residents (50%) ambivalent on whether 
the wind turbines were worth the environmental 
costs, 24% said they were not, and 22% said they 
were. Nearly three-fourths said that the wind plants 
had not degraded the environment around their 
homes. On the question of aesthetics, ' there was a 
fairly even distribution of op in ion . '

2 8
 Because noise 

is a function of distance, those nearest the turbines 
should find them noisier than those who lived some 
distance away. The survey concluded that this was 

indeed the case. Yet two-thirds said that the noise 
from the turbines 'did not disturb them, while 1 1 % 
indicated that it did. ' 

The results of a mail survey in northern California 
is revealing because of the light it sheds on the 
N I M B Y re sponse .

2 9
 The researchers polled public 

reaction to four energy technologies - biomass, 
nuclear, fossil, and wind - and where people would 
find them most acceptable. The survey identified 
NIMBYs as those who found a technology 'accept-
able' in their country, though they would not accept 
it within five miles of their homes. Most of those 
surveyed found wind desirable - somewhere. Only 
2 % thought wind plants were completely unaccept-
able whereas opinion was more polarized about 
nuclear and fossil fuels. One-fourth found fossil-
fired plants unacceptable in the county, and one-
third found nuclear plants unacceptable. But wind 
drew the greatest NIMBY response. 

According to T h a y e r ,
3 0
 this survey and others he 

has conducted in northern California, show the 
public ambivalent towards the aesthetic impact of 
wind turbines. On the one hand wind is an energy 
technology preferred by most respondents , yet the 
visual impact from non-spinning turbines is troubl-
ing. Despite this, Thayer 's team found wind plants 
the preferred power source of the four considered. 
People were willing to accept wind plants closer to 
their homes (within 2-5 miles) than any of the other 
technologies. In contrast, the minimal acceptable 
distance to a nuclear power plant was 20-100 miles. 

Surprisingly, of the six factors Thayer measured -
health and safety, reliability, environmental im-
pacts, cost, dependence on foreign oil, and visual 
impacts - wind energy's presumed Achilles heel, 
visual impact, was the least important. Though there 
was more disagreement about wind's visual costs 
than that of the other technologies, wind still re-
ceived the highest rating of visual acceptability of all 
the plants, including nuclear (Figure 14). The re-
spondents were also more willing to view wind plants 
from highways, parks, and their offices than the 
other technologies, though all agreed that parks 
were the least desirable place from which to view 
any of the plants. Not unexpectedly Thayer notes 
that 'most people would prefer no development of 
any type of energy development if given the choice. ' 

POTENTIAL FOR WIND IN THE USA 

Currently wind energy produces only 0 . 1 % of the 
nation's electricity, but it could produce a signifi-
cantly greater amount during the next decade. The 
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Figure 15. Wind energy's potential contribution to US 
electricity and energy supply under moderate environmen-
tal restrictions (1990). 

Notes: Wind Power Class 6-7 = >8 m/second average annual 
wind speed; Class 5 = 7.6-8 m/second; Class 4 = 7-7.5 m/second; 
Class 3 = 6.4-7 m/second. 
Source: Battelle, op cit, Ref 33. 

US Depar tment of Energy estimates that by the year 
2000 wind - with business as usual - could supply 10 
times more electricity than produced in California 
t oday .

3 1
 Even in California there remains ample 

undeveloped wind resources. The C E C has identi-
fied more than 7 000 M W of prime wind resources, 
only a portion of which has been deve loped .

3 2 

The Great Plains contain t remendous potential . 
One ridge in southwestern Minnesota alone could 
produce as much wind-generated electricity as that 
produced in all of California today. And just one site 
in Montana could provide 17 times California's 
current wind generation. Battelle Pacific Northwest 
Laboratories, in a recent report , calculates that 
there are sufficient wind resources in the contiguous 
USA to meet 27% of the nation's electrical con-
sumption even after removing many areas because 
of potent ial land-use conflicts. Bat te l le ' s study 
assumed the ability to ecnomomically-use only class 
5 (7.5-8 m/second annual average wind speed) or 
windier resources, under modera te environmental 
restrictions (Figure 1 5 ) .

3 3
 But Class 4 (7-7.5 ml 

second) resources are currently being used in Den-
mark and Germany. If Class 4 resources were tap-
ped in the U S A , wind alone could meet the nation's 
total demand for electricity. In a realistic scenario, 
wind energy could meet 10% of the nation's electric-
ity supply sometime after the year 2000. 

CONCLUSION 

Wind energy has come of age during the past 
decade. The success of wind energy in California and 
Denmark has proven that the technology has ma-

Wind Energy 

The views expressed here are those of the author and do not 
necessarily represent those of any organization with which he may 
be associated. 

!
World ranking depends upon the value of the US dollar. As the 

dollar slides California slides to seventh place. 
2
Wind power plants are also known as wind farms. They are 
sometimes, incorrectly, identified as 'wind parks.' Arrays of wind 
turbines are not parks, but a collection of generating units like 
those found in any other power plant. 
3
Wind turbines provided about 2.5% of Denmark's generation in 
1990. 
4
Charles Imbrecht, California Energy Commission, Address be-
fore the Annual Conference of the American Wind Energy 
Association, San Francisco, CA, USA, September 1989. 
5
G. Maneatis, president, Pacific Gas & Electric Co, described 

California's wind power plants as the 'most successful of the 
alternative sources of energy' in a statement at RETSIE 1989, 21 
June 1989, Santa Clara, CA, USA. 
6
David Roe, Dynamos and Virgins, Random House, New York, 
NY, USA, 1984. 
7
Sam Rashkin, California Energy Commission, Wind Project 
Performance Reporting System, annual reports from 1986 through 
1989. 
8
California Energy Commission, 1990 Electricity Supply Report, 
Sacramento, CA, USA, 1990. 
9
US Windpower (USW) now operates 4 000 wind turbines in 
northern California. Nearly all of these turbines are USW model 
56-100, a 100 kW, three-bladed, downwind machine nominally 18 
metres in diameter. 

1 0
Don Smith, Mary Ilyin and William Steeley, PG&E's Evalua-

tion of Wind Energy, Department of Research and Development, 
Pacific Gas & Electric Co, San Ramon, CA, USA, September 
1989. 
n
S e e Rashkin, op cit, Ref 7. 

1 2
Birger Madsen, The time is ripe for a design breakthrough', 

Windpower Monthly, Vol 2, No 10, October 1986, ρ 25. 
1 3
Birger Madsen, Analysis of a success', Windpower Monthly, 

April 1987, ρ 4. 
1 4
Describing the size of wind turbines is an area of much 

confusion. Frequently, size is described in terms of the turbine's 
generator, in kW. This is misleading because turbine ratings, in 
kW, give only a crude indication of how much a wind turbine will 
produce. Rotor diameter is a much more credible indicator. The 
amount of energy captured by a wind turbine is more directly a 
function of the area intercepted by the rotor than by any other 
parameter. For conventional turbines, the intercept area varies 
with the square of the rotor diameter. 
1 5
California Energy Commission, 1990 Energy Technology Status 

Report, Sacramento, CA, USA, June 1990. 
1 6
Smith, op cit, Ref 11. Constant dollars give a better picture of 

competitiveness than current dollars when comparing the cost of 
future resources. 
1 7
Birger Madsen, personal communication, Birger Madsen Con-

sult, Skjem, Denmark, February, May and October 1989. 
1 8
'Economics of wind turbines', Wind Energy Research and 

8 5 

tured, that is as reliable as conventional technology, 
and tha t it 's economical ly compet i t ive . Fur th-
e rmore , surveys have shown that the public is not 
only willing to accept its visual impact, but prefers 
wind energy over competitive technologies when 
given a choice. And there are sufficient wind re-
sources in California and elsewhere in the USA for 
wind energy to ultimately make a significant con-
tribution to electric supply. 
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Chapter 5 

Ocean Wave Energy 
Johannes Falnes and j0rgen L0vseth 

Ocean waves may potentially contribute one TW 
to global energy supply. The time variability of 
wave energy can be smoothed by integration with 
the general energy supply system. Many different 
wave power plants, some of them multi-purpose, 
have been proposed, assessed, and cost esti-
mated. After a subsidized introductory phase, 
wave energy is expected to be economically 
competitive, helped by the development of new 
designs and technical improvements, and by 
historically established experience. Only slight 
environmental impact is expected. Operation 
and maintenance may mean an economic boost 
to coastal societies. 

Keywords: Wave energy; Renewable energy; Coastal develop-
ment 

The present global flux of commercial energy 
through our societies is about 10 T W (1 T W = 1 0

1 2 

W). Per capita, the value is about 2 kW on average, 
but a factor of 2 to 5 higher, however, in the rich 
countries. The global population is expected to rise 
by at least a factor of 2, before a stabilization, and it 
is a desirable goal that all people should have a good 
standard of living. If every member of the future 
world were to consume as much energy as present 
'well-to-do' people in the rich countries, this would 
mean an increase by a factor of 4 to 10 in future 
global energy-use. 

Bearing in mind that some 80% of today's global 
energy flux originates from fossil fuels, and that a 
stabilization of the C 0 2 content of the a tmosphere at 
the present level means that the burning of the fossil 
fuels should be reduced by a factor of 1/3, one 
realizes that global society faces a severe challenge. 
Even if more efficient use of energy resources and 
energy conservation are included in any future ener-
gy strategy, there will nevertheless be a demand for 

J. Falnes is at the Division of Physics, Norwegian Institute 
of Technology, University of Trondheim, N-7034 
Trondheim-NTH, Norway; and J. L0vseth is at the De-
partment of Physics, College of Arts and Science, Uni-
versity of Trondheim, N-7055 Dragvoll, Norway. 

energy which will be hard to meet in an environmen-
tally satisfactory way. But 'hi-tech' utilization of 
renewable energy resources (including solar and 
geothermal) does, in our opinion, offer the possibil-
ity of satisfying future energy demands in an accept-
able way, provided that: 

(1) A vigorous development programme is started 
by the industrialized countries; and, 

(2) the developing countries are given free access 
to the new technology to tap the natural energy 
fluxes. 

As well as water (hydro) energy and wind energy, 
wave energy is also naturally available as mechanical 
energy. In principle, it can therefore be converted 
rather efficiently to electricity. As electrical power 
and a strong electrical grid are , at present, a fun-
damental part of the infrastructure in all industrial-
ized countries, our main interest in this paper will be 
conversion of wave power to electricity for general 
use on the public grid, although in the future conver-
sion of wave energy to hydrogen energy might be an 
interesting option. With these long-range goals in 
mind one should not, however, forget that wave 
energy must first be commercialized (and indeed, is 
already being so) for various applications of energy-
use on a more modest scale. 

DIVERSITY OF WAVE-ENERGY 
CONVERTERS 

In the patent literature there are more than a 
thousand different proposals for utilization of wave 
energy. Wave-power devices, on or beneath the 
surface of the ocean, may include fixed (shore-based 
or bottom-standing) structures, floating structures, 
pneumat ic chambers , or oscillating and moving 
p a r t s . Some types of wave-energy conver te r s 
(WECs) are illustrated schematically in Figure 1. 
More information may be found in some review 
papers on theoretical mat ters

1
 and on practical 

p r o b l e m s
2 ,3

 associated with wave-energy conver-
sion. 

Various wave-power production units with power 
levels up to several hundred kilowatts are, at pre-

8 7 
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Figure 1. Schematic representations of various types of wave energy conver-
ters. 

Source: Hagerman and Heller, op cit, Ref 2. 
Notes: With some types (1-7) the motion of oscillating bodies is utilized to convert 
energy by means of hydraulic pumps, and with other types (8-10) the pumping action 
of oscillating water surfaces is utilized to run air turbines. In the last example (11) the 
height of the wave increases as it runs into a shore-based, horizontal tapered channel, 
where it spills over into an elevated reservoir, creating head for a water turbine. 

sent, planned, under construction, or being tested in 
several Asian and European countries: China, Den-
mark, India, Japan, Norway, Portugal (Azores) , and 
the U K (Scot land) . Most of them are of the 
oscillating-water-column type in a fixed structure 
(Figure 1, case 8) on a steep rocky shore, in a 
breakwater or in a caisson. A Norwegian company, 
N O R W A V E A S , is planning to construct commer-
cial wave-power plants of the tapered-channel type 
(Figure 1, case 11) in Indonesia and in Tasmania. 

Although on-shore WECs have the advantage that 
access to and operation of the plant are easy, they 
have some drawbacks. Suitable locations may be 
rather rare, and civil engineering work is difficult on 
a wave-exposed shore. 

Off-shore, available wave power may be substan-
tially larger than on-shore, and possible locations for 
installation are less restricted. Another advantage is 
that off-shore W E C s represent less visual impact, as 
seen from the land. Access and operation are more 
difficult, but construction (in a shipyard) may be 
relatively easy. Submerged W E C s , which utilize the 
wave action just below the ocean surface, are even 
less accessible for maintenance, but they have the 
additional advantage of being less exposed to corro-
sion and to extreme wave forces. 

Converted wave energy may be used for various 
purposes. In addition to electricity production for 
delivery to a grid or for local use, wave energy 
converted to hydraulic energy may be used for 

8 8 
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desalination of sea water or for running refrigeration 
plants. These purposes may be of great importance 
for many coastal and island communities. Energy for 
pumping or heating sea water would be of interest 
for many fish farms. An additional purpose of 
wave-power converters may be to serve as break-
waters to increase the weather window for certain 
on-shore or off-shore operat ions, to increase the 
season for beach recreation activities, or to reduce 
coastal erosion, which is a problem in many places. 
Another possible use of wave energy is for the 
propulsion of vessels. In the future, wave energy 
may be exploited on the open oceans by floating, 
energy-consuming factories, producing, for instance, 
hydrogen for a world which utilizes clean energy in 
larger amounts than at present. 

THE NATURE OF WAVE ENERGY 

Ocean waves are generated by blowing winds. Sea 
swells transport energy from storm centres to distant 
shores. Statistical observations of real seas have 
been made at various ocean sites. From these data it 
is possible to provide estimates of available natural 
wave energy in various oceanic regions around the 
world. 

The natural power transport J per unit width of 
the progressing wave crest has a typical average 
value of / = 50 to 100 kW/m on the open ocean at 
latitudes of 40° to 65°, and the value decreases as the 
poles or the equator is approached. In tropical 
regions / = 10 to 20 kW/m is a more typical average 
value. 

The global energy potential represented by waves 
hitting all coasts may be estimated to be of the same 
order of magnitude as the world's present electricity 
production, approximately 1 TW. (This figure also 
represents an estimate of global economic hydro-
power potential , of which about one-fifth has been 
developed.) If wave energy is harvested on the open 
oceans, energy which is otherwise lost in wave 
breaking and friction can be utilized. On the lee side 
of the W E C s the winds blowing over a certain fetch 
length will be able to generate new wave energy. 
The corresponding global natural power potential is 
estimated to be more than 10 T W , that is, of the 
same order of magnitude as the total present-day 
energy consumption. 

The annual average of the wave power transport / 
may vary from one year to the next. There are also 
seasonal variations. For the most part , the variability 
of real ocean waves represents a problem for wave 
energy utilizations. However , in the northern oceans 

Ocean Wave Energy 

COST ESTIMATES AND PRESENT 
TECHNOLOGY STATE 

Several different W E C s have been assessed tech-
nically and economically as part of national wave 
energy research programmes since the late 1970s. 

8 9 

of the world, most of the wave energy is generally 
available in the winter season, which provides a 
seasonal advantage. 

The average wave energy can fluctuate by a factor 
of 10 from one week to the next. The wave power 
during a storm can be five times higher than the 
mean value for the week the storm occurs. On the 
timescale of minutes, or fractions of minutes, the 
wave power during wave groups may be of the order 
of 50 times the wave power between wave groups. 
For this reason it is advantageous that WECs are 
equipped with an energy storage system to even out 
the short-time fluctuations and allow for a better 
duty factor in terms of the installed power for the 
individual W E C . By operation of groups of WECs in 
parallel, the short time fluctuation in the power 
delivered to the grid will be evened out. 

The wave power is usually larger in open oceans 
than in sea regions of lesser extent, or in regions 
which are in some way shielded from the waves of 
the open ocean. For instance, the mean wave power 
is smaller in the North Sea than in the Atlantic 
Ocean off the west coast of the British Isles. 

Usually, the mean wave power transport is re-
duced as the coast is approached. As the water depth 
decreases, energy is lost by friction at the sea bed 
and wave b r eak in g occurs on shallow water . 
Moreover , wind blowing from the land-side does not 
create large waves near the coast. When there is 
wave action at the sea bed, the bot tom topography 
causes refraction of the waves. This, in turn, pro-
duces defocusing in some regions, while there is 
natural wave amplification (focusing) in other areas. 
This depends on wave frequency as well as on 
direction of wave incidence. If one averages over all 
frequencies and all directions, one may still find 
areas near land which are better locations for wave-
power devices than other areas. 

Note that the power output , and hence, the eco-
nomic value, is related to the average wave power 
t ransport , while the design criteria, and hence the 
necessary investment in construction, are related to 
the extreme wave situation. Hence , it is advan-
tageous to choose a location where extreme waves 
are reduced relatively more than the smaller average 
waves. 
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Figure 2. Assessed cost (see Hagerman and Heller, op cit, Ref 2) of 
converted wave energy delivered to the electric grid from 11 different types 
of WECs. 

Source: Reproduced from Hagerman and Heller, op cit, Ref 2. 
Notes: The 11 types of WECs (see Figure 1) are plotted as a function of the average 
natural wave power transport J at the chosen location of the proposed wave power 
plant. The data given in this double-logarithmic graph seem to fit, approximately, to a 
descending straight line as shown. 

For instance, four proposals studied in the British 
programme were estimated (in 1978) to give an 
electricity cost in the range of p36 to p56/kWh. In 
1982, cost estimates in the range of p3 to p l6 /kWh 
were found for seven different WECs . This reduc-
tion reflects new ideas and better technical solutions 
and represents a significant research achievement. 
Similar reduction was also seen in other national 
research programmes. Three proposals assessed in 
Norway in 1981 came up with cost figures of N O K 
2.5 to 4.9 (20 to 40 pence) per kWh; a new assess-
ment a few months later, with improved designs of 
essentially the same proposals, gave reduced num-
bers of N O K 1.2 to 1.4 (10 to 12 pence) per kWh. 
The higher costs from Norway relative to the UK, 
reflect both higher production costs and higher 
interest rates in Norway. 

A more recent es t imate
4
 evaluates various types 

of WECs developed by 12 different companies in 
eight countries. Costs in 1987 are given in US$. 
Estimates of the offshore capital cost per kW of 

installed electrical power vary between $580 and 
$4 830. The annual cost for operation and mainte-
nance is assumed to be a figure between 0.4% and 
8%, where a lower value may be expected, typically, 
for a system of relatively few moving parts, but with 
greater expendi ture of steel and concrete , and 
hence, higher capital cost. Capacity factors (annual 
duty factors) between 13% and 60% were assumed. 
Of the 12 plants considered, the lowest and highest 
plant sizes were of 0.35 M W and 2 000 M W installed 
electrical power capacity. The average wave power 
transport of the envisaged plant location was be-
tween 9 and 50 kW/m. Further assumptions in the 
cost estimate were a discount rate of 12 .5%, zero 
inflation, 40% income tax, and a lifetime of 30 years. 
For most of the assessed WECs the calculated cost of 
energy is between $0.08 and $0.25/kWh (Figure 2). 
The results indicate a trend that the logarithm of the 
cost of energy decreases linearly with the logarithm 
of the incident average wave power transport / . 
Most of the examined systems appear to fit approx-
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imately a line between ΙΟ/kWh at / = 50 kW/m and 
020/kWh at / = 20 kW/m. 

Note that the above cost estimates are not based 
upon practical experience from wave power plant 
operation. Two Norwegian companies have a few 
years experience of testing on-shore demonstrat ion 
WECs of some 100 kW in size, but these companies 
have not yet published data from their operational 
experience. 

One of these companies (Kvaerner) had plans to 
construct a wave power plant of the oscillating water 
type (Figure 1, case 8) in Tonga, South Pacific. But 
due to an internal reorganization, the company 
decided in 1990 to shelve its wave energy activity. A 
similar W E C is at present under construction off the 
Trivandrum coast, by the Indian Institute of Tech-
nology in Madras . This latter project, contrary to the 
shelved Norwegian project, benefits economically 
from inexpensive labour in India. Some wave power 
converter units on-shore, on a breakwater , or closely 
adjacent to a breakwater have already been tested. 
These units are typically characterized by few mov-
ing parts, and by relatively large concrete structures. 
Already it seems that such systems are going to be 
commercial in the 1990s in developing countries 
where knowledge, skill and inexpensive labour are 
available, as for instance in China and India. 
Moreover , on-shore wave energy units will, within a 
few years, deliver commercial energy to small island 
and coastal communities, which at present have to 
rely on expensive diesel electricity. 

FUTURE PROSPECTS 

For large-scale energy supply for coastal industrial-
ized countries, off-shore W E C s will be needed, and 
the present , previously-mentioned simple large-
structure W E C s do not look like becoming commer-
cial within the next few years. But we believe that 
after more R & D wave energy may make an impor-
tant contribution to energy supply in the next cen-
tury. Later we shall give some arguments for this 
belief. It should be remembered wave power utiliza-
tion is a relatively new research subject. 

All technologies show a decrease of cost per unit 
produced, as a result of experience gained, and of 
more economic methods of production. A typical 
trend is an inflation-corrected unit cost reduction of 
about 20% to 2 5 % for each doubling of the cumula-
tive production volume. These numbers apply, re-
spectively for production of coal and electricity in 
the U S A .

5
 However , for computer technology, 

casual observation indicates that the typical rate of 

Ocean Wave Energy 

91 

cost reduction has been some 50% per doubling of 
the cumulative production. 

Although the technical components used in WECs 
are mostly well-known, the combination is new. 
A s s u m e , f r o m t h e p r e v i o u s l y m e n t i o n e d 
assessment ,

6
 that a prototype wave-power plant of, 

say, 100 M W capacity will deliver electricity at a cost 
of ^20/kWh. If technological experience results in a 
20% cost reduction for each doubling of cumulative 
production, an energy cost of #5/kWh will result 
before wave power plants of capacity totalling 10 
G W have been reached. This cost is certainly com-
petitive, but in order to reach this goal, much 
financial support is required during the less competi-
tive phase of the technological development. 

In some national wave energy research program-
mes around 1980, the envisaged devices were de-
signed to convert a maximum of the natural energy 
incident on a coastline. Since the natural energy is 
free, this is not necessarily the most economical 
design strategy. Rather , the installed power capacity 
relative to the average wave power should be left as 
a free parameter in an economical optimization. 
This strategy might give a reduced annual produc-
tion, but a higher duty factor and, hopefully, a better 
economy. The need for an energy storage system in 
the primary wave energy converting step, in order to 
even out the short period fluctuations discussed 
previously, would be reduced with this strategy, and 
should be evaluated as part of the economic opti-
mization. 

This design philosophy has not been much utilized 
in the rather simple types of W E C s tested in the sea 
so far. The strategy requires more sophisticated 
designs, where special mechanical components are 
needed. Here is a challenge for inventors, scientists 
and designers working with mechanical engineering. 
Only very few research teams from within this 
branch of technology have, up till now, been en-
gaged in the R & D of WECs . 

Most of the rather simple W E C s built so far are 
essentially civil engineering structures. This may be 
an advantage if wave power plants are to be con-
structed in non-industrialized countries. But a draw-
back is that a relatively large expenditure of steel 
and concrete is required. For a more advanced 
wave-power technology, where a better ratio be-
tween material expenditure and converted wave 
power is at tained, it is necessary to develop electro-
nic control units and new mechanical components , 
such as pumps, valves, hydraulic motors and tur-
bines. This advanced wave power technology will 
also requi re local expert ise for opera t ion and 
maintenance of the WECs . 
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POWER FROM WAVES TO THE 
ELECTRIC GRID 

Power from WECs must be produced when incom-
ing waves are available, and this does not generally 
match consumer's electrical power demand. It is, 
therefore, necessary that other types of energy 
sources are also available. For small island and 
costal communities relying on diesel power for their 
electricity supply, combination with wave power is a 
potentially attractive option. 

In larger communities, with many WECs posi-
tioned at various places off the coast and connected 
to the same grid, some of the variations will even 
out. We will take as a basic assumption that the 
power grid is strong, and international rather than 
national. Other resources on the grid will then be 
able to compensate for the variability of wave energy 
on the local scale. In a large grid, even part of the 
weather variations in the WECs output will average 
out. If there are solar power stations on the grid, it is 
likely that the output from these stations will show 
variations with an opposite phase to the wave power 
output , both with respect to weather and seasonal 
variations. A detailed discussion of this problem will 
depend on the resources and users connected to the 
grid.

7 

If the Norwegian situation is taken as an example, 
in the future we will probably have a grid dominated 
by hydropower supply, as we have today, but in 
addition we may get power from wind and wave 
energy. The two latter will vary in phase for part of 
the t ime, but wind energy will also be available in 
periods with wind direction from land-to-ocean, and 
wave energy will last a day or so into a quiet period. 

The national grid is already connected between 
Denmark and Sweden, where we will probably also 
find wave and wind energy converters. Over Scandi-
navia, there will be a considerable averaging effect. 
With respect to seasonal variation, both wind and 
wave power will have a phase opposite to that of 
hydropower. Wind and wave energy peak in early 
winter, when the precipitation normally appears as 
snow; hydropower peaks when the snow is melting 
in spring and early summer (in the mountains) . 
Water is stored in basins to be used the following 
winter. Electricity demand peaks in the winter, and 
this will be ever more the case if all heating is 
achieved by heatpumps driven by electricity during 
the midwinter period. Solar heating will be feasible 
spring, summer and fall. 

The residual weather variations in a strong grid 
due to a large contribution of wave (and wind) 
energy from an extended geographical area, will be 
very gentle, and to a large extent predictable. The 
backup problem with nuclear energy is in fact more 
severe, since the failure of one plant may imply that 
1 G W has to be replaced with no warning. An 
advantage of the established Scandinavian hydro-
power grid is a large generating capacity compared 
to the normal load, this is to even out seasonal 
variations between the various districts, and to 
establish a large regulatory capacity. 

ENVIRONMENTAL CONFLICTS WITH 
EXISTING ACTIVITIES 

Waves represent a clean source of energy. But 
utilization of this source of energy will, of course, 
have some environmental and political impacts, 
some of which we shall discuss. 

Distant off-shore WECs have very little visual 
impact as seen from land. In contrast to moored 
off-shore W E C s , plants on-shore require some irrev-
ersible encroachment of the land topography. 

The W E C s will damp the waves by extracting 
energy. This will give a sheltering effect. For a buoy 
power plant sheltering may, however, hardly be 
noticeable on-shore in the case of large waves, due 
to the limited power capacity and other nonlinear 
effects of the W E C s . Thus the ecological cleaning 
effect caused by the heaviest waves will still exist. 
Whether the general damping of the wave energy 
will have any ecological effect is not known to us, 
and will have to be investigated as part of the 
development programme. If the wave power plant is 
intent ional ly combined with a b reakwate r , the 
sheltering is certainly more significant, which may be 

9 2 

An off-shore power plant may consist of hundreds 
or even thousands of equal W E C units, each having 
a power capacity of, typically, a few hundred kilo-
watts. W E C production may thus be serialized, 
which will reduce costs. Energy from the individual 
units may be collected as electrical energy by cables 
from generators inside buoys or from generators 
placed in housings on the sea bed below the primary 
wave energy converters. Otherwise energy from 
individual units may be collected as pneumatic ener-
gy as with the British 'Clam' device (indicated in 
Figure 1, case 10). Alternatively, hydraulic energy in 
the form of pressurized sea water may, through 
collecting pipes, be transferred from many power 
buoys (of the type indicated in Figure 1, case 2) to a 
common turbine-and-generator unit of installed 
power capacity typically in the region 10 to 100 MW. 



important for reduction of shore erosion, or for 
increasing the season for certain technical operat ions 
or beach recreation activities. 

For the traffic of small boats , the sheltering effect 
will in most cases be beneficial, and will probably 
compensate for the risk of collision with the buoys. 
Heavier ships will probably find the buoys a nui-
sance, and openings in the rows of W E C s to provide 
satisfactory lanes for commercial shipping traffic 
must be established. The position of the W E C s 
should be included in the new digital map system of 
the seas which is being established, and together 
with suitable regulations, the potential problems for 
traditional seabound traffic should then be minimal. 
As an advantage to shipping traffic, the W E C units 
could be equipped with navigation lights and identi-
fication. 

Judging from reactions to off-shore oil activities, 
fishermen will perhaps not welcome the rows of 
off-shore W E C units. From the point of view of the 
fish, the W E C s will, however, create a safe zone, 
and one might argue that fish right now are more in 
need of protection. From a serious point of view, 
there is a potential conflict with some traditional 
ways of fishing, and this problem must be resolved. 
But overfishing has been the real problem along the 
coasts of the developed nations, resulting in strict 
regulations on the allowed catch. A zoning proce-
dure, where part of the continental shelf is reserved 
for WECs , will not reduce the total amount of fish 
caught. At present , and in the future, the limited 
quota of fish is the real problem, and not the space 
available to fish. A peaceful coexistence between the 
activities of harvesting the fish and wave energy will 
therefore undoubtedly be possible. 

For fish farming, which is becoming as important 
as the natural fisheries in some regions, W E C s will 
probably be an advantage, because of the general 
damping of the waves, which will reduce the wear on 
the installation, and facilitate daily operat ion. 

As discussed later, development of wave power 
will mean a much needed new activity in some 
coastal regions, and conflict with traditional activi-
ties must be handled in this light. 

In connection with off-shore oil activity, littering 
of the sea floor has been a problem. Strict regulation 
to avoid such unnecessary problems in the develop-
ment of wave energy must, of course, be applied. 

POLITICAL CONSIDERATIONS AND 
CHALLENGES 

The building of W E C s for off-shore installation will 

Ocean Wave Energy 

INSTITUTIONAL INERTIA AND 
PSYCHOLOGICAL FACTORS 

Most of the expenditures for energy R & D in the 
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provide suitable employment for shipyards world-
wide. Since the resource is free, the initial capital 
cost will correspond to the production and installa-
tion cost of the equipment . Both the initial produc-
tion and the subsequent operation will be labour 
intensive and will, thus, generate new jobs, which 
will be welcomed in most countries. 

The installation and operation of off-shore WECs 
will offer new opportunities for employment in 
coastal populations. This will be beneficial, as the 
industrialization of the fisheries has left these areas 
in a miserable state. Most of the present activities 
which exist in coastal regions in industrialized coun-
tries have some kind of subsidies or protection. For 
strategic, security and defence purposes, most coun-
tries are willing to pay something to have a basic 
level of population and business activity in these 
regions. New meaningful activities, such as the har-
vesting of wave and wind energy, will therefore 
serve a multitude of purposes, in addition to provid-
ing pollution free energy from a non-depletable 
resource base. 

To get a feeling for the scope of the operational 
activities, we present some numbers . For a well-
exposed coast, with an efficient W E C system, 25-40 
kW/m of electric energy could be harvested. This 
will mean 1 0

1 0
 kWh/year (10 TWh/year) per 3 0 -

45 km of coastline. With an electricity price of 
#5/kWh, and some 10% of the yearly income being 
spent on operations traceable to local activities, this 
amounts to an annual income of some $50 million, or 
more than $1 million/year/km of coastline, which is a 
considerable amount for these regions, even if we 
scale down by a factor of 2. 

For coastal countries which at present depend 
greatly on imported energy, it may be of some 
strategic importance if their wave energy could be 
utilized. Before wave energy can be technically 
exploited on the open oceans (eg for hydrogen 
product ion) , international agreements and regula-
tions will have to be drawn up. Who has the property 
rights of this source of energy? This is not an easily 
solvable problem. Note that the swells arriving at the 
beaches of a country, may originate from storms 
thousands of kilometres away. There may be a 
potential conflict if another country exploits the 
waves in international waters before the swells reach 
wave power plants in territorial waters. 
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nological establishment seem to lack the courage to 
start such programmes. It seems easier to make a 
start on projects concerned with more 'exotic' prob-
lems, such as fusion and star wars rather than every 
day phenomena . The fundamental reason for this 
may be the risk of failure - if an exotic process is 
involved, one can always blame the unknown fea-
tures: where everyday phenomena is concerned, this 
is not so easy. 

CONCLUSION 

The proposed development of off-shore W E C s 
could make a substantial contribution (of order of 
magnitude 1 0

n
- 1 0

1 2
 W) of electricity from renew-

able resources. The environmental problems are 
seen as rather minimal. Minor conflicts with fishing 
communit ies are conceivable, but this must be 
weighed against the economic boost such a develop-
ment could have on coastal areas. 

A very strong R & D programme would be needed 
to achieve significant utilization and should be based 
on extensive international collaboration. During the 
introduction period of wave energy, subsidies will be 
needed. But in the final stages, the installation of 
off-shore W E C s is expected to be profitable in 
competition with other alternatives, renewable as 
well as non-renewable. 

If wave energy is, in the future, exploited on the 
open oceans, for instance for the production of 
hydrogen, certain international regulations are de-
sirable and necessary in order to avoid potential 
conflicts between nations. 

!
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post-war years have been spent on nuclear energy. 
In most countries, this alternative has been rejected 
by the general public. In addition, safe installations, 
with satisfactory provisions for waste disposal, have 
turned out to be very costly. After more than 40 
years with annual budgets of the order of $1 000 
million, fusion research has yet to provide a credible 
proposal for a reactor that will produce more elec-
tricity than it consumes. Despite these facts, nuclear 
programmes still receive the lion's share of energy 
R & D money in most of the developed countries. A 
great deal of prestige and funds have been invested 
to create weighty institutions, which now seem to be 
running largely by their own inertia. 

There seem to be psychological barriers against 
investing comparable amounts of money to utilize 
the everyday phenomena of solar radiation, wind 
and wave energy. The research that has been com-
pleted on these renewable resources clearly demons-
trates that they, together with energy conservation 
technologies, can provide the equivalent of the 
present energy-use of rich populations for the whole 
of the future world population. 

In order to attain eventual economic competitivity 
in a free market , a development programme must be 
started in the nations with good resources. Such a 
programme must have a budget comparable to that 
spent on nuclear energy. Although one might argue 
that the technology involved is not basically new, the 
problems involved in installation and operation of 
offshore WECs needed for a significant contribution 
to the world's energy supply, will require a heavy 
development programme. As the prospective output 
of electricity for the nations involved is comparable 
to that of the nuclear programmes, the R & D effort 
must also be expected to be comparable. Because of 
the smaller units involved, W E C s promise a greater 
potential for cost reduction by serial and volume 
production than nuclear installations. 

If the cost reduction by experience and volume 
production is taken into account, we are left with the 
conclusion that the economic prospects for wave 
energy, as for several of the other renewables, do 
look bright, provided a heavy developmental prog-
ramme comparable in scope with the nuclear prog-
ramme is started. Yet both the political and tech-



Chapter 6 

Hydroelectric Energy 
Geoffrey P. Sims 

The paper discusses the nature of hydroelectric 
energy and how it is integrated into modern 
power systems. The role of tidal power and 
pumped storage schemes are mentioned briefly. 
The principal constraints to the wider develop-
ment of hydropower are concerned with their 
effect on the environment, their high initial cost, 
and uncertainty over the future price of oil. 
These constraints are discussed, together with 
brief mention of how the challenge each repre-
sents is being countered. Representative recent 
technical advances, particularly in the civil en-
gineering field, are described. The paper con-
cludes with a brief account of some of the 
institutional problems encountered in promoting 
hydroelectric projects, particularly those where 
more than one country is involved. 

Keywords: Renewable energy; Hydroelectric energy; Hydro-
power 

Hydroelectric power is derived from harnessing the 
power released when water passes through a vertical 
distance usually referred to as the 'head ' . Hydro-
power has its origins in the pre-industrial revolution 
technology of water wheels and is simple in concept. 
The power generated is proport ional to the product 
of flow and head. Projects in mountainous terrain 
typically run under a high head, perhaps over 1 000 
metres , which for a given output requires a small 
flow of water. Projects on large flat rivers, on the 
other hand, are arranged to pass a large flow of 
water through a small head of a few metres . The 
distinction between small- and large-hydro is arbit-
rary: the same concept and basically the same tech-
nology apply for installations of 1 kW and 10 G W . 
Economies of scale are available;

1
 small schemes are 

more expensive per installed kW but this is counter-
acted to some extent by their being simpler in design 
and layout. 

Geoffrey P. Sims is Chief Civil Engineer, Engineering & 
Power Development Consultants Ltd, Marlowe House, 
Sidcup, Kent, DA15 7AU, UK. 

Hydroelectric power is also generated in pumped 
storage schemes such as the 360 M W Ffestiniog 
Project or the 1 800 M W Dinorwig Project in Wales. 
Here the basic principle is that two reservoirs are 
formed, one at a higher level. When water flows 
from the upper to lower reservoir power is generated 
by the turbines. When there is spare generating 
capacity on the system water can be pumped, some-
times simply by reversing the turbines, from the 
lower reservoir. Pumped storage schemes are the 
only practicable means of storing electrical energy in 
commercial amounts . 

Tidal power is another valuable manifestation of 
hydropower. A barrage is constructed across a tidal 
estuary such as that at La Ranee in northern France. 
Sluices and turbines are arranged so that power can 
be generated from water flowing from high tide level 
outside the barrier to a lower level inside. As the 
tide falls outside the barrier there comes a time when 
the level inside is higher than that outside, when 
power can again be generated from water flowing to 
the lower level. 

Other factors being equal , a large hydro scheme is 
preferred because the unit cost is lower than for 
small projects. Not infrequently, large dams are 
proposed as part of a large scheme not only to create 
the necessary head but also the associated water 
storage which improves the reliability of electrical 
output . Most of the postulated adverse environmen-
tal impact of large-scale hydro schemes is associated 
with these high dams and their extensive reservoirs. 
Smaller schemes have basic structures and little 
storage. 

The International Commission on Large Dams 
( I C O L D ) is a significant organization sharing know-
ledge of the design, construction and behaviour of 
large dams. It is therefore concerned with many of 
the features of large hydroelectric schemes. Current-
ly I C O L D committees are working on many subjects 
including: environmental effects; aging behaviour; 
and technical advances including computational 
methods and new construction methods. 

This paper makes no at tempt at an exhaustive 
approach to the subject. In the space available, the 
salient features of the technology, the major con-
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Table 1. World hydropower potential. 

Percentage of 
Exploitable Installed resource 
resource capacity exploited 

Region (GW) (GW) (%) 

North America 184 153 83 
Central America 66 11 17 
South America 398 105 26 
West Europe 118 116 98 
East Europe 663 90 14 
Middle East 68 22 32 
Africa 225 18 8 
Asia 513 82 36 
Pacific Rim 224 40 18 
Australasia 35 13 37 

Source: WEC, op cit, Ref 2. 

straints and innovations are briefly described. Inevit-
ably, with a technology for which the initial capital 
cost and interest rates are of paramount importance, 
institutional aspects, particularly for large projects, 
are important and these are briefly addressed. 

Hydropower as a resource 

About one quarter of the hydropower potential of 
the world has been exploited. Such a s tatement , 
though broadly true needs some explanation. Table 
1 summarizes the data on which the assertion is 
based, taken from the 1989 Survey of Energy Re-
sources by the World Energy Conference .

2
 The 

identification of exploitable resource is not precise; 
one can distinguish, as Lazenby h a s ,

3
 between 'eco-

nomic' and 'technical' potential. The former is the 
resource that can be economically developed at a 
cost competitive to other sources of generation and 
with acceptable social or environmental impact. 
Technically exploitable resource is that which might 
be developed regardless of economic or other con-
siderations. The difference between these two is 
illustrated by a comparison between Table 1 and 
Table 2, prepared for Africa.

4
 At least 225 G W and 

possibly 293 G W of exploitable hydroelectric re-

Table 2. Hydro potential in Africa. 

Installed 
hydro Maximum annual 
capacity Economic technical hydro 
1990 potential potential 

Region (MW) (MW) (MW) (GWh) 

West Africa 4 158 14 645 29 975 129 080 
East Africa 1 399 9 950 23 650 252 000 
Central Africa 3 631 62 300 173 400 767 000 
Southern Africa 5 948 22 650 66 251 297 005 
Total 15 136 109 545 293 276 1 445 085 

Source: Lazenby, op cit, Ref 3. 

sources exists in Africa. Of this less than 110 G W 
appears to be economically exploitable. Of necessi-
ty, the figures are approximate, but a reasonably 
consistent picture emerges . Eu rope and Nor th 
America are the only regions where substantial 
development has already occurred. Fur thermore , 
the only significant remaining hydropower resource 
and market potential in the industrialized countries 
is in the U S A , Canada and the U S S R .

5 

The evidence suggests that countries with good 
hydroelectric resources available at up to UStf 8/ 
kWh will find hydro more attractive than thermal 
generation when oil prices are high. When oil is 
cheap, or indigenous supplies of hydrocarbons are 
plentiful, the compar ison will be more closely 
matched. The World Bank believes there is strong 
justification at the global level for substantial hydro-
power development in the developing wor ld .

6 

Hydropower is capable of supplying strategically 
large inputs of energy. Table 3 contains a short 
selection of projects whose installed capacity equals 
or exceeds that of modern large thermal or nuclear 
plant. These large power plants have proved to be 
reliable with a better record in general than diesel or 
nuclear installations. Hydroplant can, however, be 
vulnerable to drought. Even with electricity systems 
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Table 3. Some very large hydropower installations. 

Installed 
capacity 

Project (MW) 
Cahora Bassa 2 074 
Kariba 1 266 
Itaipu 12 600 
Tumut 3 1 500 
La Grande 2 5 328 
La Grande 3 2 304 
La Grande 4 2 650 
Dinorwig 1 800 

containing significant hydro with storage it is occa-
sionally necessary during a severe drought to pro-
vide support with gas turbines or by load shedding. 
A good case can be made on environmental and 
energy resource grounds for large-scale hydropower 
development with large d a m s .

7 

Where an electrical supply system contains an 
appreciable proport ion of hydropower three broad 
strategies are available to increase its resistance to 
drought-induced fai lure.

8
 The first is to increase the 

volume of water stored where topography and en-
vironment permit; second, build additional hydro-
power capacity in new catchments as has been done 
by Norway , Brazil and Colombia ; and , third, 
adopted more widely, include thermal generating 
capacity within the system. 

In a mixed system of thermal and hydro, max-
imum benefit can be taken of the key advantages of 
the latter: full use of the water resource whenever it 
presents itself; rapid response to changes in demand; 
and low operation costs. Thermal pliant, cheap to 
build but expensive to run and with much thermal 
intertia, can provide baseload energy. Nuclear plant 
fits much the same role, and tends to be used in the 
UK in preference even to coal fired p lan t .

6
 Pumped 

storage projects used together with nuclear plant 
appear to provide a particularly attractive combina-
tion of low-cost baseload energy with rapidly re-
sponding hydropower. Pumped storage plant exem-
plifies the advantages of hydropower as a pollution 
free rapid response source of energy. 

Kidd, in describing the use of the 1 800 M W 
Dinorwig Project, points out that the legal require-
ment in the U K is for a 1% tolerance on the declared 
system frequency of 50 H z .

1 0
 The large single gener-

ating sets on the system are 660 M W and the 
transmission system is switched to avoid the risk of 
losing more than one unit at a t ime. System reserve 
policy is based on the need to cover the unexpected 
loss of large machines and to cater for large-scale 
load swings which can amount to several hundred 
MW in a few minutes. Before Dinorwig was commis-
sioned, the C E G B held about 1 000 M W of mainly 

Country 
Mozambique 
Zambia/Zimbabwe 
Brazil/Uruguay 
Australia 
Canada 
Canada 
Canada 
UK 

partially-loaded thermal plant on spinning reserve. 
Once Dinorwig became available it was possible to 
hold the required spinning reserve on pumped stor-
age plant at a substantial cost saving. 

Pumped storage plant is also available to provide 
the tradional role of supplying peak power demand. 
It is, in addition, available to fill the trough caused 
by the large overnight reduction in system demand. 
The benefits of these operations are also large and 
are estimated to save about as much as the spinning 
reserve role. 

Generat ion of energy from tidal power is an 
example of low head hydroelectric power. Studies 
have recently been completed on the feasibility of a 
tidal power project across the UK's Severn Estuary 
where the tidal range is one of the largest in the 
wor ld .

1 1
 Compared with conventional hydroelectric 

projects, particularly those with little or no storage, 
the operation of tidal power projects is complex. 
Within a single tidal cycle the water levels acting on 
the turbines are changing continuously depending on 
the tide and the operational decisions of opening 
sluices and running machines either as turbines or 
pumps. Computer based modelling is needed to 
analyse the interaction of the variables adequately. 

The timing of the energy sent out depends on the 
lunar cycle, but the value of it depends on the time 
of day. The UK's national system must, therefore, 
be reinforced to take account of the large fluctuating 
output of the Severn Barrage: in the extreme it has 
to be able to support the total demand at all times 
whether the barrage is generating or not. Careful 
planning will be required to take advantage of the 
full output of the barrage which, at 8 640 MW 
represents over 15% of the maximum system de-
mand. 

Hydropower installations have a long and reliable 
life. Perhaps the experience over 50 years of the 
North of Scotland Hydroelectric Board is typical .

1 2 

Major refurbishment of the electrical and mechanic-
al plant has been required at most stations after 30 to 
50 years operat ion. Generators often need new 
stator windings after 20 years and automatic voltage 
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RESTRAINTS TO THE 
DEVELOPMENT OF HYDROPOWER 

Much hydroelectric potential remains to be de-
veloped in the third world. It is useful to outline 
some of the difficulties faced by promoters when 
planning, designing or constructing projects so that, 
where appropriate, they may be identified and re-
duced. 

Perhaps the most significant objections to hydro-
power development are environmental . I C O L D has 
recently published a bul le t in

1 4
 that presents a realis-

tic picture of the performance of selected schemes 
related to the main project purpose and to the 
environmental impacts of the structures and their 
operation. Distinguishing between preservation and 
conservation, I C O L D argues that mankind depends 
on the development of national resources and must 
act positively to conserve the environment from 
avoidable harm as a result of his activities. Experi-
ence has shown

1 5
 that neglect of environmental 

aspects, linked particularly to the construction of 
large dams, can lead to biological degradation. It is 
inevitable that by altering the regime of rivers and 
estuaries we are changing important elements of the 
hydrological cycle. However, society expects to be-
nefit from the use of energy and it is important to 
keep clearly in mind the environmental effects of the 
alternatives to hydroelectric power. 

Since they encapsulate some of the most frequent-
ly quoted environmental problems, it will be helpful 
to summarize briefly some of the studies reported by 
I C O L D . They are not modern schemes and do not 

Table 4. Typical useful plant lives in India. 

Item Useful life 
Land Infinity 
Plant and machinery in 

generating stations: 
Hydroelectric 35 
Steam 25 
Diesel 15 

Dams 100 
Spillways, weirs 100 
Hydropower station 35 
Buildings 50 
Steel pipelines 40 
Underground cables 40 
Overhead lines >66 kV 35 
Overhead lines <66 kV 30 
Transformers > 100 kVA 35 
Transformers < 100 kVA 25 
Switchgear 20 
Radio system 15 

therefore benefit from modern engineering science. 
Four studies deal with projects in Arctic, temperate 
and tropical regions. 

The Danube and Inn developments in Austria are 
low head, large flow projects. Although only a few 
power schemes were planned originally, it was soon 
realized that a continuous cascade was desirable 
both from the power generation and river morpholo-
gy point of view. Extensive river training measures 
had been undertaken before the hydroelectric de-
velopment, a function of the high population density 
in the valleys. Both rivers have been important for 
water navigation, particularly the Danube . Power 
station construction has taken place more or less 
continuously from 1919 to 1985 and some 3 500 MW 
of generating plant are now in place. In this period it 
has been possible not only to improve the local 
infrastructure in terms of fishing, sewage and drain-
age, but also to guarantee optimum ground water 
conditions. It was possible to rehabilitate an area 
that was threatened with drying out as a result of 
earlier bed degradation of the Danube . The ecolo-
gical measures included in the power plant design 
have made it possible to control the irrigation to the 
riverine lowlands to preserve the riparian wood-
lands. The wet biotope thus maintained is now 
unique in central Europe . 

Lokka and Portt ipahta lakes north of the Arctic 
Circle in Finland provide more than 400 GWh of 
hydroelectric energy annually. These lakes were 
constructed in 1967 and 1970 in bog and forest on a 
tributary of the river Kemijoki. The Kemijoki river 
has few natural lakes and its discharge varies widely 
between 90 m

3
/s and 4 800 m

3
/ s . For effective and 

reliable hydro generation storage was necessary. 
The lakes together cover over 600 k m

2
 and have had 

9 8 

regulation equipment has to be replaced after 20 to 
25 years. The pumped storage plants, operating for 
frequency control and spinning reserve, are subject 
to a greater number of mode changes than either 
conventional hydro, or than was envisaged when the 
plants were designed to provide energy transfer. 
However, the onerous operating regimes have been 
achieved only at the cost of increased maintenance 
of plant and tunnels. Dams have performed well and 
tunnels and shafts have not yet required major 
maintenance unlike overland aqueducts. Power sta-
tions, built of masonry, appear set for a life in excess 
of 100 years, given reasonable attention. Table 4 
gives indicative lives of some typical components of 
hydroelectric projects as used in India. It is difficult 
to disagree with J o h n s o n

1 3
 that, in contrast to nuc-

lear and thermal installations, hydropower projects 
can be regarded as perpetual investments with no 
definite limit to their lives. 
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a significant social effect. The dominant primary 
production is reindeer husbandry and the loss of 
pasture caused a reduction in their number . As the 
reservoirs were planned in the early 1960s, inhabi-
tants, particularly younger ones, started to move 
away, discouraged by lack of apparent planning. 
However, today the local economy is much im-
proved. The service industry has expanded and the 
proportion of the local income structure as wages 
and salaries is greater than before. There is a 
vigorous fishing industry which has encouraged re-
creation and tourism. 

Before construction started, extensive environ-
mental studies were carried out into flora, fauna, 
forestry, agriculture, sociology and water quality. 
Principal among the fears was that the quality of the 
water downstream would deteriorate and that large 
areas of peat bog would float to the surface. The 
results of continuing studies have confirmed that the 
water quality deteriorated markedly initially but 
improved continuously thereafter. Oxygen content , 
for example, has returned to its original level. Float-
ing islands of decomposing peat were observed for 
the first six years or so after impounding. The 
development of fish stocks has increased with the 
successful introduction of peled whitefish. 

The Selingue Dam in Mali, completed in 1980, is 
an integral part of a multi-purpose scheme for the 
production of 44 M W of hydropower, irrigation, 
improved navigation of the Sankarani River, flood 
control and pisciculture. The project has been effec-
tive in providing a consistent energy contribution of 
over 100 GWh annually, of particular benefit to a 
country dependent on the import of oil. 

The benefits foreseen for agriculture have not 
been realized despite the large volume of water 
made available. The problem appears to be associ-
ated with the poor condition of the irrigation struc-
tures. There has, however, been a considerable 
development in fishing: several thousand people 
make a living from this source. Over 12 000 inhabi-
tants were displaced by the construction of the 
project. Some disruption was reported to the social 
structure as families were moved to new villages. It 
is claimed, however, that the social structure is 
gradually being restored. The constructoin of new 
schools has allowed an increase in the number of 
children in education. 

The incidence of bilharzia and malaria have in-
creased, requiring efforts to control the parasites. 
Except for some cases of urinary bilharzia, schistoso-
miasis is not a grave threat to the health of the 
indigenous population. There is, however, a risk 
that with the influx of people to the area a perma-

nent , strong strain of schistosomiasis may become 
established. Malaria, once a seasonal disease, is now 
found all the year round. Oncocerciasis (river blind-
ness) is rarer , probably because the larvae of the 
flies, that develop in turbulent water, have not 
survived the formation of the lake. Work is in hand 
to develop public health measures to control these 
diseases: mitigation is a practical possibility. 

The Santee Cooper Project in the USA was 
conceived to divert the Santee River into the Cooper 
River, thereby producing several benefits. Signifi-
cantly in the 1930s, the primary aim was to produce a 
peak of 12 500 jobs at a time of severe depression in 
South Carolina. Construction began in 1939 and the 
130 M W turbines started generation in 1942, a 
tribute not only to the far sightedness of the govern-
ment , but also to the impetus from Washington as 
part of the war effort. Were the project to be 
proposed today, concern would be expressed for the 
wildlife in the Santee Swamp. In 1934 the only 
concern was to protect the health of the human 
inhabitants from mosquito-borne malaria. In 1939, 
1 300 malaria cases and 46 deaths were reported 
locally; in 1948 no case was reported. Improvements 
were noted in flood control and navigation. Howev-
er, the environment of the 1930s gave no indication 
of the present burgeoning use of the project area, 
particularly the water ways, by present day Amer-
icans seeking recreation. In particular, the introduc-
tion of barges carrying stone through the Pinopolis 
Lock accidentally brought many rockfish during the 
spawning season. Far from resenting the new habi-
tat , the fish prospered spectacularly, providing sport 
for many visitors. 

A powerhouse fire stopped energy production and 
revealed the dependence on the power flow in the 
river to force the estuarial action of the river towards 
the sea. The implied problem of salinity in the river 
is not covered in the report . Siltation was, however, 
a problem that caused a major redesign of the 
project. Silt from the waters of the Santee River was 
deposited in the Cooper River in such large quanti-
ties that it was necessary later to redirect the Santee 
water back into its bed to protect the viability of the 
scheme. 

The construction of the La Grande Riviere Com-
plex of hydroelectric stations in the James Bay 
territory of Canada between 1971 and 1985 provides 
an illuminating example of large scale construction 
in virgin t e r r i to ry .

1 6
 Some 10 000 M W of generating 

capacity was installed in an area where there was no 
information available on the biological and physical 
characteristics of the territory. Recognizing the ma-
jor sociological repercussion of the project on the 

9 9 
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further large hydro development in Switzerland or in 
Scotland without paying a price in environmental or 
social terms. A 'good' site in this connection is one at 
which hydropower can not only be exploited at 
reasonable cost, but one from which it is possible to 
transmit the energy economically to its point of 
u s e .

1 9
 A reliable water run off is required together 

with a reasonable head. Particularly for high dams, 
tunnels and underground power stations, reasonably 
consistent and good quality rock is desirable. 

The high initial cost of a hydro project, compared 
with a thermal alternative is a disincentive. 
Although front-end costs tend to weight the econo-
mic analysis in favour of thermal plant, the economic 
analysis should perhaps be regarded as a yard stick. 
Future costs, market development and hydrology 
are unknown and discounting, as is conventional, 
provides safety against the growing uncertainty with 
t ime. However , the paradox exists with conventional 
analysis that a 30-year old scheme may be in excel-
lent condition and earning valuable income for the 
foreseeable future; but this very income would 
scarcely have influenced the initial economic deci-
sions. Analytical methods are available in which the 
initial heavy capital cost is annuitized over the study 
cycle and appears as an annual cost over the redemp-
tion period of the scheme. Both analyses are critical-
ly dependent on the discount rate used. An advan-
tage of the second method is that perhaps the 
continuing statisfactory performance of the project 
is more visible. 

Fluctuation in the oil price is another factor to 
retard investment in hydroelectric projects. While 
the oil price rises of the 1970s were partly responsi-
ble for the expansion of hydro capacity in the 1980s, 
the decline in oil price since 1986 may have had the 
reverse effect. There is the danger that a short-term 
signal may be misinterpreted and lead to errors in 
long-term planning. It is worth restating that hydro 
projects have a long gestation period and a project 
life that is considerably longer than any alternative. 
J o h n s o n

2 0
 suggests that overall, more than 100 years 

is appropriate . In this time period, the likelihood is 
that oil will become scarcer and more expensive .

2 1 

TECHNICAL INNOVATIONS 

Occasionally an innovatiuon has an historical effect 
on those that follow. The internal combustion en-
gine for example, or the wheel. With today's pers-
pective, the art of the development of hydropower is 
progressing steadily on a wide front. Engineers, not 
infrequently acting alone or in small teams, develop 
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native population, Société d 'Energie de la Baie 
James (SEBJ) created an environmental depart-
ment. It adopted unprecedented policies on environ-
mental protection reflecting modern concerns with 
preserving a human and biophysical environment 
adequate for future generations. 

SEBJ accepted the principle that it is the responsi-
bility of the developer to carry out and pay for the 
environmental studies necessary for the project. 
SEBJ stipulated that: 

φ all environmental legislation must be complied 
with; 

Φ ecological considerations must receive the 
same attention as technical and economic 
aspects; 

φ construction of the project must show that it is 
possible to develop important resources in 
harmony with nature. 

This seems to be an appropriate basis for the imple-
mentation of hydroelectric projects everywhere. 
However, it has to be recognized that the cost of 
resettling the population and taking measures to 
prevent the spread of disease and other adverse 
measures may represent up to 10% to 20% of the 
total cost of a hydro project. 

The La Grande Complex is in an area of weak 
seismic activity with no known epicentre within 100 
km. The impounding of deep reservoirs can be 
accompanied by seismic activity and this is some-
times used as an argument against the development 
of hydroelectric projects. SEBJ found

1 7
 that shortly 

after impounding of the reservoirs some activity was 
detected. At La Grande 2 for example tremors up to 
Richter magnitude 3.7 were recorded. Their conclu-
sion is that the induced seismic activity has had the 
effect of releasing substantial amounts of stored 
energy in the rock below the reservoirs and that after 
a few years activity should decrease in frequency and 
intensity. The evidence suggests that in areas that 
are reasonably tectonically stable there is little risk 
of any damage occurring from reservoir-induced 
seismic shocks. For example, of the 25 largest reser-
voirs quoted in the I C O L D World Register of 
Dams, only four have shown induced seismicity.
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However, in more active areas it is prudent to study 
the effect on the underlying rock mass of large 
volumes of stored water. 

A restraint to hydropower development that is 
sometimes mentioned is that many of the best sites 
have already been developed. There is truth in this 
argument to the extent that many sites in areas of 
reasonably dense electrification have been de-
veloped. For example, there is little potential for 



an idea that benefits all. The concrete faced rock fill 
dam is an example of the process. Such a structure 
benefits from the relatively low cost of a rock 
embankment , enhanced by there being no internal 
waterproof membrane to restrict the speed of con-
struction. Watert ightness is assured by a concrete 
membrance over the upstream face. The Hydroelec-
tric Commission of Tasmania have over the last 20 
years or so introduced and developed the design to 
the extent that it is now a widely used technique, 
particularly where the foundation rock is not of the 
highest quality. More recently, additional cost sav-
ings have been introduced by the same engineering 
team in developing a flexible concrete spillway that 
is installed directly on top of the rock fill dam. The 
saving in cost of a separate spillway is appreciable. 

Until 1960 the proport ion of dams being con-
structed conventionally of concrete was increasing: 
from 1933-37 the percentage increased from 3 3 % to 
3 7 % . Since 1960 this has decreased, perhaps because 
of the relatively low cost of embankment dams 
benefiting from improved efficiency in transporting 
and compacting earthfill and rockfill. The conven-
tional method of constructing concrete gravity dams 
relies on casting a series of monoliths separated by 
contraction joints. The method is effective in pre-
venting temperature cracks, but the equipment for 
cooling and grouting makes the method less econo-
mical than embankment dam construction. It is not 
usually possible to use large-scale machinery on a 
concrete dam because of the small construction area. 
On the other hand, embankment dams lack resist-
ance of their materials to overtopping by floods. 
Roller compacted concrete dams share many of the 
advantages of both dam t y p e s .

2 2
 Roller compacted 

concrete (RCC) is prepared and placed differently 
from conventional concrete and construction is 
achieved at a substantially reduced cost and, more 
importantly a shortened construction period. Roller 
Compacted Concrete is placed in a similar way to 
earth or rockfill, in long and continuous layers and is 
consolidated by heavy vibrating rollers. The techni-
que has been available since about 1975 and today it 
is being used in many countries for gravity dams over 
100m high. Its use in the construction of arch dams 
will no doubt extend the benefits further. 

Much attention is being given currently to the 
rehabil i tat ion of aging hydroelectr ic faci l i t ies .
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There is a considerable stock of projects that are 50 
years old or more , dating for example from the 
activities of the British in India before independ-
ence, in ex-colonial Africa and in the U S A . Many of 
these installations were well designed and built, and 
appropriately sized at the t ime. They were intended 
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to operate at a high load factor to provide a reliable 
supply to a relatively small area. With economic 
development and the construction of high voltage 
transmission lines it has become worthwhile to re-
consider their role. Typically, more plant can be 
economically added so that operation is at a lower 
load factor, supplying more energy and particularly 
peaking power. Thus the system benefits from a 
useful incremental input at no environmental cost 
and a modest financial cost. 

I C O L D has established a committee to study the 
question of the aging of the civil engineering compo-
nents of hydro projects. As the causes of aging 
become better understood, not only will new pro-
jects be designed for a longer life, but also older 
installations will be more effectively rehabilitated. 
The situation is complicated; it is not unusual to find 
that there is a cultural influence at work in the design 
and construction of hydroelectric projects. Some 
very old installations are in better condition and 
have a longer life expectancy than more modern 
plants. 

Among the specific reasons for premature aging 
can be counted the chemical instability of some 
concrete mixes particularly when specific types of 
silica-rich aggregate have been used in conjunction 
with highly alkaline cement. Poor maintenance is 
another factor, raising the delicate issue of the 
quality of training of the local staff. 

Improvements to designs that can reduce the cost 
of important elements by a few percent are welcome 
to promoters of schemes. An example of such an 
advance can be found in the design of pressure 
pipelines, often known as penstocks. Traditional 
designs use expansion joints to allow the pipes to 
react to changes in temperature and pressure. The 
essential concomitant is that the pipe must be se-
cured with heavy anchor blocks made of concrete. 
More modern pipelines can now be designed without 
expansion joints: the thermal and other stresses are 
carried within the pipeshell itself. Such a develop-
ment relies a little on improved calculation methods, 
but more on greater efficiency in producing high 
quality, defect-free welds in the field. The legacy of 
the failure of the Liberty Ships and the requirements 
of the oil industry have together conspired to pro-
duce a bet ter understanding of the metallurgy re-
quired to overcome brittle behaviour. 

Within a generat ion, knowledge of the behaviour 
of geotechnical materials, rock and soil, has in-
creased dramatically. Some of the benefits are be-
coming available to those promoting hydroelectric 
power. At the recent 17th I C O L D Congress one of 
the four questions to be addressed is that of poor 
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INSTITUTIONAL ASPECTS 

The financing of large hydroelectric projects is a key 
issue. This is particularly so when the river to be 
developed is shared by more than one country. The 
problem is exacerbated when the differing cultures 
of the countries involved require responses that are 
so at variance that effective communication breaks 
down. In severe situations a scheme can be aban-
doned with heavy losses. 

An e x a m p l e of this t ragic s i tua t ion is the 
Gabc ikovo -Nagymaros Project on the D a n u b e 

sha red by H u n g a r y and Czechos lovak ia . The 
scheme, as described by Lokvenc and S z a n t o

2 4
 was 

designed to provide flood protection, navigation 
improvement s and hydroelectr ic power on the 
stretch of river between Bratislava and Budapest . 
Difficulties have traditionally been encountered by 
shoaling at the point near Gonyu where the river 
slope flattens. Much of the sediment carried in the 
steep reach upstream is deposited where the gra-
dient flattens, requiring much attention to maintain 
navigation. A 700 MW power plant was planned 
upstream of the change of gradient at Gabcikovo, 
and downstream a 158 M W plant at Nagymaros. The 
annual output was to be about 3 675 G W h . 

Work started on preliminary works in 1978 shortly 
after the bilateral agreement was signed between 
Czechoslovakia and Hungary in 1977.

2 5
 In 1986 it 

was reported that work was under way on the 
Czechoslovak side which includes the Gabcikovo 
plant. In the same year preparatory works were 
reported on the Hungarian side. Even in the early 
stages some concern can be detected over the cost of 
the project, its economic justification and its en-
vironmental impact. Tensions grew between Hun-
gary and Czechoslovakia as the true cost of the 
project became apparent . Austria agreed in 1987 to 
finance the Nagymaros part of the scheme through 
an agreement with Hungary under which Austrian 
firms would provide some US$400 million for the 
construction of the power plant. Austria was to be 
repaid in energy at 1 200 GWh/year for 20 years, 
allowing a reduction in the use of thermal plant 
relying on imported fuel. Perhaps significantly the 
programme was reported as having been substantial-
ly delayed again. Meanwhile Czechoslovakia was 
proceeding enthusiastically with its work on the 
upstream Gabcikovo works. 

In addition to the obvious difficulties caused by 
the cost of the project, wide criticism now began to 
be heard from Hungary and Austria on environmen-
tal grounds. Protests were heard at the loss of 100 
k m

2
 of ecologically valuable wetland. Protestors 

occupied the Austrian Embassy in Budapest . De-
spite reports of good construction progress in 1988, 
the Hungarian government suspended work on the 
project in 1989. This decision followed political 
pressure on the government of Austria and Hungary 
by those concerned at the cost and environmental 
impact of the scheme. Both the Czechoslovakian 
Government and Austrian companies and bankers 
were less than happy with the decision. The Czechs 
were upset because the Gabcikovo power scheme, 
that was by now nearly complete, would be much 
less productive without the downstream element . 
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foundations. Engineers are increasingly confident of 
their ability to strengthen foundations by injections 
designed to stiffen weak materials. Elements are 
being considered for installation within liquéfiable 
soils to control their behaviour during ear thquakes . 
Attention is being given to the use of low quality fill 
materials: the cost-benefit of being able to use 
effectively all the material excavated for other pur-
poses can easily be imagined Much research has 
gone into the use of manmade materials, geotextiles, 
to strengthen soils, and provide a wide range of tools 
to provide more effective geotechnical structures at 
a lower price. 

Recent developments in tunnelling methods have 
been spectacularly demonstrated by the achieve-
ments in connection with the Channel Tunnel . The 
speed, reliability and size of available machines 
together with their ability to tunnel through a wide 
range of material from hard, competent rock to sand 
and gravels, all act powerfully to increase the range 
of sites at which a hydropower project can economi-
cally be constructed. The development of shaft-
making equipment is perhaps even more spectacu-
lar. By using a technique such as raise boring, a shaft 
some 300 m deep and 7 m in diameter can be 
excavated in a matter of a few weeks. 

Although finite element analysis, a mathematical 
modelling method, has been known and used for a 
generation, it is relatively recently that software and 
computers have been developed to allow the method 
to be used routinely in design offices. Its present use 
to optimize the design of highly stressed elements 
such as generator and turbine supports or arch dams, 
allow significantly improved understanding of speci-
fic s tructural behaviour in a very short t ime. 
Alternative designs are easily evaluated with the 
prospect of lower cost structures. Attent ion is being 
focused currently by I C O L D on advanced computa-
tional techniques, particularly in taking advantage of 
the three dimensionality of dams in narrow valleys. 



The Austrian companies and bankers were also 
dismayed at the potential commercial loss the deci-
sion represented. The commercial problems were 
complex, not only because the Austrian companies 
had employed Hungarian sub-contractors, but also 
commercial agreements between Soviet bloc coun-
tries apparently did not accept the principle of 
unrealized profit. The Czech government calculated 
that it was due US$3.5 billion and the Austrians 
US$1.3 billion. The problem appears to be from 
whom to claim compensation. The political reper-
cussions of the tragedy are not yet complete. It is 
r e p o r t e d

2 6
 that the Hungarian Ministry of Water 

Management was closed down following the public 
outcry over the scheme which appears not to have 
been subjected to rigorous economic or environmen-
tal examination. 

An important financial instrument devised recent-
ly to facilitate delivery of power plant equipment to 
developing countries is build-own-operate-transfer 
(BOOT) and variations. The idea is that a power 
plant is built by a consortium of usually foreign-led 
suppliers, who earn income from the project through 
revenues from the sale of electricity into the client 
country's national grid. It is intended as a cost-
effective way to curb drains on developing countries ' 
national treasuries. 

B O O T projects are usually long term, often more 
than 10 years. Hopewell Holdings Hong Kong's 700 
M W Shajiao Β power station in China is an example, 
as is the proposed 4 χ 323 M W oil-fired power 
station proposed for H a b River in Pakistan. The 
World B a n k

2 7
 has recently issued working papers of 

a B O O T seminar held in 1990. Some 14 B O O T 
projects are reported to have been under way during 
1990. Most of these involve oil and gas pipelines, 
transport or thermal power. Hydropower projects 
are less attractive subjects for B O O T contracts for 
two principal reasons: the high initial cost, and the 
long period of time that has to elapse before these 
costs are recovered. Both spell risk. The World 
Bank's seminar on B O O T describes many of the 
tensions between private and public investment in 
power projects in general: these are at least as valid 
in hydropower projects and serve to illustrate some 
of the institutional aspects of developing them. 

While personal savings rates in developing coun-
tries are relatively high when compared with the 
developed world, there are inadequate opportunit ies 
to put the available funds to use. Developing coun-
tries sometimes insist on maintaining public own-
ership and control of investment by utilities. They 
have operated the institutions in such a way that they 
are unattractive to private capital. What resident of 
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a developing country would invest his own money in 
the country's public utilities when these are likely to 
be effectively bankrupt? Issuing shares and en-
couraging dealing would be a valid way to mobilize 
indigenous capital through boardroom control. 

Share issues would also be an important factor in 
encouraging B O O T contracts. A major long-term 
foreign investor is unlikely to be interested in a 
project that will be transferred back to the state on a 
knock down basis. A better solution might be to 
encourage an initial small investment by the local 
market , which could then be increased appropriately 
by the transfer of shares. 

Early B O O T projects in the USA were small 
power stations of 5 M W to 10 M W and financial risk 
was small. Large projects, say, 1 000 M W or so 
require the involvement of so many banks that 
assembling the team becomes expensive. If the 
negotiations take too long fundamental assumptions 
become invalid; governments themselves can change 
unpredictably. The local legal and regulatory infras-
tructure may need to be strengthened by complex 
contractual arrangements . 

There are three elements to a tariff agreement: a 
capacity charge, an energy charge and a variable 
element that rewards availability or reliability. If the 
host government has no mechanism for establishing 
a market price for energy it may be appropriate to 
offer capacity only. The private developer will be 
keen to establish cost indices to ensure that the cost 
elements of the tariff are covered. The host govern-
ment may well favour a tariff structure that requires 
the project to achieve a target output to earn a 
return for investors. 

Some have misgivings about the host government 
failing to follow the rules. Some governments prac-
tice 'creeping nationalization' rather than outright 
expropriation. They may, for example, fail to raise 
prices, create difficulties in the movement of foreign 
currency, insist on local labour that may not have 
appropriate skills. 

The governments of developed countries have 
frequently used hydropower development to create 
employment , not only on the project itself but 
through a Keynsian multiplier affecting other indus-
tries attracted by the energy. Hoover Dam in the 
U S A is an example of this as is the early work of the 
US Bureau of Reclamation generally. The develop-
ment of the hydropower po ten t i a l

2 8
 of Scotland after 

World War Two appears to have been motivated to 
some extent by the benefits gained by local employ-
ment . This would have been particularly important 
at a time of net migration of population from the 
Highlands, and the potential unemployment caused 
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degree. In 1969 for example, Tasmania consumed 
nearly 19% of the Australian total generation of 
electric power despite having less than 5 % of the 
Australian population. In recent years the bitter 
battles over the development of the hydroelectric 
resources of the wilderness areas to the west of the 
island have, perhaps, been the more civilized 
through being fought with a highly technically com-
petent professional organization responsible to par-
liament. 

The example of the H E C , the N S H E B and the 
Snowy Mountains Hydro Electric Authori ty, show 
the value of state enterprise in constructing hydro-
power projects. At a current construction cost in the 
region of £1 000 per installed kW, these three major 
developments would have cost billions of pounds. 
The H E C , for example, in 1969 was carrying over 
A$300 million in debt , almost all of it to the state 
Treasury. One can distinguish perhaps between the 
conception and construction of large hydropower 
projects on the one hand, and their subsequent 
operation on the other. In the operation phase there 
is less to be gained from state support , and it could 
be argued that a private company, sensitive to the 
demands of shareholders and the market , would 
provide the least-cost operation of the facility once 
built. 

CONCLUDING REMARKS 

Even a superficial t reatment of the subject is enough 
to confirm that hydropower, despite its being a well 
established technology, still has a major role to play 
in meeting our energy needs in the future. There is 
much potential still to be exploited, particularly in 
the developing world. Economies of scale will often 
favour large projects, possibly with high dams. Mod-
ern techniques will be needed to address the en-
vironmental questions posed by these large struc-
tures. Technical advances will no doubt continue to 
reduce the cost and construction time of hydropower 
projects. To take advantage of these, improvements 
would be welcome in the effective implementation 
of projects, particularly those involving more than 
one country or smaller, poorer states. It would be 
useful too if economists could suggest an analytical 
method that takes appropriate advantage of the long 
life of hydropower projects and doesn' t penalize 
them unnecessarily for their high initial cost. The 
future looks bright for hydropower; a relatively 
benign means of generating power without depleting 
our precious fossil resources. 
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by returning servicemen. Similar arguments were, 
no doubt , raised when the Snowy Mountains 
Scheme of Australia was proposed in the 1940s. 

The development of Scottish Hydro provides an 
interesting study in the merits of private and public 
investment. The first significant hydro scheme there 
was commissioned in 1896 at Foyers (4 MW) on 
Loch N e s s

2 9
 for the reduction process of aluminium. 

Kinlochleven (23 MW) and Lochaber (80 MW) 
followed in 1909 and 1928. During the early 1930s 
high voltage transmission lines encouraged private 
companies to build the 107 M W Galloway Scheme 
on the Kirkcudbright Dee and the 80 M W Grampian 
Scheme on the Tummel . The formation of the North 
of Scotland Hydroelectric Board (NSHEB) after the 
war brought about the construction of 28 schemes 
with a capacity of 965 MW. These were followed in 
the late 1960s and early 1970s by the two pumped 
storage schemes Cruachan (400 MW) and Foyers 
(300 MW) . At this t ime, the N S H E B has just been 
sold as part of the UK's privatization programme. 

When the hydro schemes were promoted after the 
war both coal and money were cheap. Annual 
interest rates were 2 . 5 % to 4 % . Coal was in short 
supply. However, despite this, difficulties were ex-
perienced, from landowners among others , by those 
who did not accept that hydropower was as secure a 
source of electricity as thermal generation. Despite 
this, and the increases in interest rates over the 
intervening period, J o h n s o n

3 0
 asserts that the cost of 

energy generated by hydro in Scotland is very con-
siderably below that of other forms of generation. 
At tempts by the N S H E B to promote two schemes 
since 1965 have failed on the grounds that fossil 
fuelled plant could be built more economically. The 
N S H E B has more recently investigated small run-of-
river plants which can produce power at less than the 
system marginal fuel cost, the cost of fuel in a 
modern coal fired station. 

The experience of the Hydroelectric Commission 
(HEC) of Tasmania is not dissimilar:

31
 early private 

development, stimulated by mineral mining and 
processing was sold to the state. The H E C was 
formed in 1929 and in 1969 produced 3.6 TWh of 
energy at a load factor approaching 70% and at 0.76 
c/kWh the lowest price in Australia. Although parti-
cularly favoured by geography, Tasmania has in the 
past considered the introduction of thermal plant 
notwithstanding its inability to produce energy 
cheaper than hydro. The key issue was the scarcity 
of sufficient capital to build the hydro plant. The 
H E C , a state instrumentality responsible to parlia-
ment , has been able to coordinate the development 
of hydropower within the state to a remarkable 
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Chapter 7 

Tidal Energy 
Clive Baker 

The tides represent a large and benign source of 
renewable energy which can be converted to 
electricity using well-proven technology. The ori-
gin and nature of tidal power is summarized 
first. The main components of a tidal barrage, 
and the method of operation are described. The 
parts of the world where the tidal range and 
coastline are suitable for tidal barrages of sub-
stantial size and capable of generating electricity 
at an acceptable cost are relatively small in 
number but the UK has a substantial share. 

Keywords: Tidal power; Electricity generation; Renewable energy 

The rise and fall of the tides represents a predictable 
and truly renewable source of energy which has been 
exploited at very small scale for milling since the 
twelfth century. The tides are generated by the 
rotation of the earth within the gravitational fields of 
the sun and moon. Although the gravity force ex-
erted on the earth by the sun is about 177 times 
stronger than that of the moon, the moon is the 
dominant force as regards tides by a factor of about 
2. This apparent paradox arises because it is the 
difference in the gravitational field on opposite sides 
of the earth which distorts the seas and the ratio of 
the earth 's diameter to the distance of the moon is 
much greater than this ratio for the sun. 

The theoretical mean tidal range in the open sea, 
ignoring the land masses, would be about 530 mm 
and the times of high water are linked to the passage 
of the moon and thus occur about every 12 hours and 
25 minutes. The process by which this range is 
increased at some coasts and not others is complex, 
involving the steepening of the tidal wave as it enters 
shallow water, and an element of resonance wher-
ever the length of an estuary or bay is close to a 
quarter of the length of the tidal wave. The Severn 
estuary in the U K and the Bay of Fundy, where the 
tidal range can exceed 14 metres , are famous exam-
ples. A further factor is the Coriolis force which, 
north of the equator , causes currents travelling north 

Clive Baker is at Binnie and Partners, Grosvenor House, 
69 London Road, Redhill, Surrey RH1 1LQ, UK. 

to curve to the east and vice versa. This results, for 
example, in tides in Liverpool Bay being much 
larger than on the opposite side of the Irish Sea. For 
tidal power to have any real prospect of being 
economic, a mean tidal range of at least five metres 
is necessary, partly because the energy available is 
proport ional to the square of the tidal range. 

OPERATION 

Recent studies, particularly of the feasibility of the 
Severn bar rage ,

1
 have shown that in most circumst-

ances the best method of operating a tidal barrage is 
to t rap the incoming tide at high water behind a 
barrage and release the water, through horizontal-
axis turbines, from the basin to the sea during the 
second part of the ebb tide and the first part of the 
next flood (Figure 1). This method can be au-
gmented by using the turbines in reverse as pumps at 
high water in order to increase the water stored in 
the basin. 

If the local grid system is weak, then operation in 
both directions may be preferable but this results in 
less energy per turbine and high water levels within 
the basin will be lower than at present. This method, 
combined with pumping, was adopted for the 240 
M W barrage on La Ranee , near St M a l o ,

2
 which has 

been operating for over 20 years but which is now 
operating largely as an ebb generation scheme with 
pumping at high water. 

Another option is flood generat ion, where the 
basin is emptied at low tide and the turbines dis-
charge into the basin before and after high water. 
This method could apply where the barrage has a 
land drainage role and water levels in the basin must 
be kept low. 

COMPONENTS OF A BARRAGE 

The heart of a tidal barrage is its turbines. A variety 
of turbines could be used but the type generally 
favoured is the horizontal-axis Kaplan (propeller) 
turbine. This has four blades which are usually 
adjustable-pitch. Upst ream is a 'distributor' com-
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Energy generated I 156 MWh 

Figure 1. Near optimum ebb generation over 14 tide spring-neap cycle. 

prising up to 20 guide vanes, again usually adjustable 
for angle, which impart an intial swirl to the water so 
that the runner blades can 'fly' through the water in 
the same manner as an aerofoil. Runner diameter 
may exceed seven metres. The generator can be 
direct driven or driven through a step-up gearbox, or 
mounted on the rim of the runner , the 'Straflo' 
turbine. If of one of the first two types, it can be 
either enclosed in a steel bulb within the water 
passage, the 'bulb ' turbine, or in an open-topped pit. 
Turbines for tidal power are relatively slow-turning, 
usually in the range 50 to 100 rpm. 

To refill the basin after the end of the generating 
period requires a number of gated openings or 
sluices. These also play a key role during the later 
stages of construction as they provide a passageway 
for the tides while the rest of the barrage is being 
built. There are several types of gate which are 
suitable, including radial gates and vertical-lift 
wheeled gates. 

Both the turbines and the sluices may be housed in 
concrete structures which can be built in suitable 
workyards on shore and floated into position. These 
are called caissons and, for the Severn barrage, 
scores of such caissons would be needed, each 
weighing more than 100 000 tonnes. 

The remaining parts of a tidal power barrage will 
include embankments joining the deep water struc-
tures to each shore, and ship locks where there is 
commercial navigation to be accommodated. The 
minimizing of any delays to shipping is one of the 
key aspects of tidal power, as some of the prime 
estuaries such as the Severn and the Mersey are also 
busy shipping routes. Thus two locks would be 

needed, partly to guard against the risk of one being 
closed by accident and isolating the ports behind the 
barrage. Such locks would have to be operational 
before the rest of the barrage is completed and thus 
lie firmly on the critical path. In addition, they are 
costly and 'non-productive ' elements of a barrage. 

The Ranee barrage was built in-situ behind large 
and expensive temporary cofferdams. Several small 
schemes have been built in China

3
 by constructing 

the power house and sluices on dry land beside the 
estuary and then excavating a channel to the estuary 
while closing the estuary with a dam. Only one tidal 
power scheme has been floated into position, name-
ly a pilot 240 kW single caisson in the Gulf of Mezen 
in the White Sea. However , although the direct 
experience of large tidal power schemes is limited, 
much relevant experience has been gained on other 
projects with each of the main components . For 
example, hundreds of low-head Kaplan turbines 
have been built for run-of-river projects, while float-
in concrete caissons have been used for under-sea 
road crossings and the largest single object moved by 
man is a one million tonne concrete caisson for the 
North Sea oil fields. Given careful design, choice of 
materials and quality of construction, concrete is 
very durable, even in salt water. Thus a barrage 
should have a long working life, certainly more than 
60 years. 

THE RESOURCE 

So far, apart from La Ranee , which has been work-
ing sucessfully for over 20 years, the Gulf of Mezen 
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Table 1. Potential tidal power sites. 

Max Mean Annual Unit cost 
Area depth Length range Turbines energy (p/kWh) 

Site (km
2
) (m) (m) (m) (No x dia) (TWh) (1983 prices) 

Argentina and Chile 

Golfo San Jose 788 25 7 000 5.78 270 x 7.5 10.9 2.1 
San Julian 77 13 810 5.66 40 x 6 1.04 1.8 
Rio Santa Cruz 215 32 2 070 7.48 60 x 9 5.05 2.3 
Rio Coig 46 12 1 800 7.86 30 x 6 0.61 1.9 
Rio Gallegos 140 12 3 400 7.46 85 x 6 3.27 1.6 
Bahia San Sebastian 580 30 19 300 6.5 145 x 9 10 3.8 

Australia 

Secure Bay 140 50 1 300 7 37 x 9 2.9 3.6 
Walcott Inlet 260 75 2 500 7 70 x 9 5.4 5.1 

Canada 

Bay of Fundy (site B9) 282 42 8 000 11.7 106 x 7.5 11.7 2.2 

southeast China 

Damao shan (3.7) 200 24 3 550 4.8 100 x 6 2.05 3.7 
Dongan Dao 210 21 3 900 5.1 100 x 6 2.26 3.2 
Santu Ao 680 35 3 000 4.8 150 x 9 3.7 2.8 

India 

Gulf of Cambay 1 055 22 25 000 6.1 570 x 6 16.4 2.5 
Gulf of Kachchh 50? 18 2 000 4.8 24 x 6 0.48 5 

South Korea 

Garolim Bay 100 28 1 850 4.8 24 x 8 0.893 4.5 
Gulf of Asam 130 24 2 350 6.06 72 x 6 2.05 3.1 

USSR (Sea of Okoskh) 

Zaliv Turgurskiy 1 400 30 26 000 4.74 200 x 9 12 4 

pilot scheme and the small Chinese schemes already 
mentioned, the only other operating scheme is a 7.6 
m diameter, 20 M W single Straflo turbine at Anna-
polis Royal, a small estuary off the east coast of the 
Bay of Fundy in Nova Scotia .

4
 This was commis-

sioned in 1984 as a prototype for both tidal power 
and run-of river schemes, and is proving highly 
rel iable.

5 

There is a limited number of locations where the 
mean tidal range is five metres or more and the 
coastline is suitably indented so that a barrage could 
enclose a basin or estuary which has a large area in 
proport ion. As already ment ioned, the U K has more 
than its share on the west coast, while one of the 
reasons that France has not proceeded with more 
tidal power after the success with the La Ranee 
barrage is that there are no more sites nearly as 
favourable. 

Possible sites around the world have been evalu-
ated in terms of their energy resource and likely unit 
cost of energy (at 1986 prices and 5 % real rate of 
interest) using a parametr ic method developed by 

the au tho r .
6
 These are listed in Table 1. Many of 

these sites are remote from centres of demand and 
therefore, although representing very substantial 
resources at reasonable unit cost, there is little 
chance of their development in the foreseeable 
future. The main interest at present lies in the Bay of 
Fundy ,

7
 Garolim Bay

8
 on the west coast of south 

Korea , the Gulf of Khachchh on the west coast of 
Ind ia ,

9
 a 36 M W scheme on an existing flood-

defence barrage near Sao L u i s
1 0
 on the north coast 

of Brazil which has been announced as proceeding, 
and in the UK. 

PROSPECTS IN THE UK 

In the U K , feasibility studies of tidal power schemes 
are in progress or have recently been completed of 
the following estuaries: Severn; Mersey; Humber ; 
Conwy; Wyre ; and Loughor. Of these, the Severn 
represents a major national resource but , at about 
twice the capital cost of the Channel Tunnel , would 
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River Wyre 

River Loughor 

Lawrenny 
Quay 

River Torridge 

Figure 2. Locations in some small sites in the UK worthy of further study. 

be a huge undertaking. It has been studied in great 
detail over the last 12 years, first on behalf of the 
Severn Barrage Committee and lately by the Severn 
Tidal Power Group , a consortium of major civil 
eng inee r ing con t r ac to r s and t u r b i n e / g e n e r a t o r 
manufacturers .

1 1 

A central issue is the discount rate to be used 
when comparing investment in the Severn barrage 
with other forms of electricity gene ra to r .

1 2
 The 

Severn Barrage Committee report concluded that , at 
5% real rate of interest, electricity from the Severn 
barrage would be cheaper than from coal but more 
expensive than from nuclear stations. Since then, the 
application of higher discount rates (and dismantling 
costs) has seen nuclear energy fall by the wayside 
and the cost of the electricity from the Severn 
barrage become unattractive. Whether this is a 
correct evaluation of relative worth is open to ques-
tion; hydroelectric projects are seen as excellent 
investments only with the benefit of hindsight. 

The M e r s e y
1 3
 would be about 10% of the size of 

the Severn barrage and is at an advanced stage of 

study by the Mersey Barrage Company with the 
support of the Depar tment of Energy and a number 
of companies with local interests. The Humber has 
been the subject of a pre-feasibility study carried out 
as a privately funded project for the Humber Bar-
rage G r o u p .

1 4
 The report has not yet been made 

public. A site between Hull and Immingham is 
r e c o m m e n d e d which could also have a multi-
purpose role. 

The Conwy, Loughor and Wyre are small schemes 
(See Figure 2), with capacities of about 35, 8 and 45 
M W respectively. The first two have already been 
studied in some detail and the last is currently the 
subject of a feasibility study being carried out by 
Trafalgar House Technology and Binnie & Partners 
on behalf of the Depar tment of Energy and Lan-
cashire County Council. 

The Loughor barrage near Llanelli in south Wales 
could form the basis of waterside development but it 
proved to be too small and too shallow for its unit 
cost of electricity to be a t t rac t ive .

1 5
 The Conwy 

estuary in north Wales is a sensitive area suffering 
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temporarily from the construction of the A55 sub-
merged tube crossing. A tidal barrage here would be 
nearer to being economic and would make water-
based recreation much more acess ib le .

1 6
 It would be 

located at the mouth of the estuary, well clear of the 
famous castle and medieval town of Conway. Thus 
local tourism should benefit greatly (the Thames 
barrier attracts about 200 000 visitors a year and La 
Ranee barrage a greater number) . Unfortunately for 
any promoters of a barrage, these and other be-
nefits, such as protection of the estuary against very 
high tides, accrue to the region rather than to the 
promoter of the barrage. This points to some public 
sector participation being required if tidal power in 
the UK is to reach construction. 

A tidal power barrage near the mouth of the Wyre 
estuary, behind Blackpool, could provide a road 
crossing, a 7 k m

2
 semi-tidal lake for sailing and 

boating, and a flood defence capability. This would 
allow the shores of the estuary to be developed as 
the planners saw fit. The electricity cost is expected 
to be close to the minimum for tidal power in the 
UK. 

The Conwy and Wyre barrages would be built 
using float-in 'caissons', the method proposed for 
the Severn barrage. This method offers the mini-
mum local disruption. Although all aspects of cais-
son construction for tidal barrages have been studied 
in much detail, with appropriate computer models, 
the building of a small barrage such as the Wyre 
would provide useful practical experience at proto-
type scale and thus improve confidence for the larger 
schemes. 

ENVIRONMENTAL ASPECTS 

Flood protection and opportunit ies for water-based 
recreation have already been mentioned. There are 
many other aspects, most of which have been the 
subject of much study and appropriate field work, 
particularly in connection with the Severn barrage. 
A few key aspects only can be covered in this paper . 
The most important are probably water quality and 
sediment movements , because these govern to a 
large extent the ecology of the e s tua ry .

1 7
 One un-

avoidable change in water quality behind a barrage 
is that, in the upper estuary away from the immedi-
ate effects of the barrage, salinity will reduce as a 
result of the reduction in the volume of seawater 
entering the estuary each tide. Thus freshwater 
species will extend their domain seawards, while the 
brackish water zone, which tends to be relatively 
impoverished, will move downstream. 

Tidal Energy 

CONCLUSIONS 

Tidal power is a benign, relatively concentrated and 
highly predictable source of renewable energy. To 
exploit it will not require new technology to be 
developed; instead, the concepts on which all the 
main components are based have been used exten-
sively in similar conditions for other purposes such 
as offshore oil fields, marine defences and run-of-
river hydro projects. Thus the capital and mainte-
nance costs can be predicted with confidence. 

The environmental effects of tidal power schemes 
centre on the changes that will be unavoidably 
caused to the salinity and sediment regimes in the 
enclosed basins, because these largely govern the 
primary productivity of the water. The fact that 
changes must take place gives rise to concern, but 
the changes are not all for the worse. 

Tidal barrages have a multi-purpose function, 
including flood protection. Increases in low-water 
levels and a general reduction in currents and turbid-
ity will make the enclosed basins more attractive for 
water-based recreation. The resulting economic be-

111 

In the basin behind and clear of a barrage, tidal 
current velocities will be reduced, particularly dur-
ing the ebb . This will have a major effect of the 
power of the currents to erode and transport sedi-
ments . The effect will be a general 'freezing' of 
sediments which are normally mobile, especially 
during spring tides. This will in turn reduce the 
turbidity of the water and provide a more stable 
regime for organisms which live in muddy deposits. 
One result could be an increase in invertebrate 
populations which would benefit wading birds. 

Because a tidal barrage would lie across the path 
of mobile sediments, there is a risk that the sedi-
ments moving upstream with the flood tide would be 
deposited inside the basin at high water and would 
not be re-suspended during the ebb because the 
strength of the currents would be reduced markedly. 
The importance of this will depend on the availabil-
ity of fresh supplies of fine sediment seaward of the 
barrage. This aspect has been studied in great detail 
with the aid of computer models of water move-
ment . For the Severn barrage, the risk is associated 
with the possible loss into the basin of the large 
deposits of sediments in Bridgwater Bay, the south-
ern part of which is an important area for wading 
birds and Shelduck. For the smaller barrages discus-
sed earlier, progressive siltation of the basin will 
take place slowly over decades, offset by scouring 
during large river floods. 
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nefit to the area cannot easily accrue to the promo-

ter; this points to some public sector participation in 

the development of tidal power. 

The locations where tidal power could be de-

veloped economically are relatively few, because a 

mean tidal range of five metres or more is needed for 

the cost of electricity to be competitive with tradi-

tional thermal plant. The U K has its fair share of 

potential s i t es
1 8

, ranging from 30 M W to 8 000 MW. 

However, the economics of tidal power are critically 

dependent of the choice of discount rate , particular-

ly because a well-engineered project will have a 

working life of at least 60 years. Thus , a high 

discount rate, as would be applied by a private 

developer, does not give credit to this long life and 

results in an unattractive unit cost of electricity. In 

practice, and with the benefit of hindsight, hydro-

power projects become very attractive a few years 

after they are built. 
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Chapter 8 

Geothermal Energy 
- electricity generation and environmental impact 

Ronald DiPippo 

Geothermal energy is widely used as a reliable 
source of electricity generation. In 21 countries 
geothermal plants are in operation and have a 
combined installed capacity of over 6 000 MW. 
Technology now permits the utilization of a 
broad range of resources, from moderate-
temperature to hypersaline brines, as well as 
natural steam with high levels of non-
condensable gases. This paper describes geo-
thermal energy conversion systems and the 
potential environmental impacts associated with 
geothermal plants. In comparison with alterna-
tives, geothermal plants are among the most 
environmentally benign. Emissions abatement, 
water and land-use, and other aspects are discus-
sed, along with the costs for environmental con-
trols. 

Keywords: Geothermal energy; Environmental impact; Electric 
power 

Geothermal energy is being used to generate elec-
tricity in 21 countries on all non-polar continents. At 
the end of 1990, the total worldwide installed 
capacity stood at 6 017 M W distriobuted over 330 
individual turbine-generator units. This is roughly 
equivalent to six typical nuclear power plants or a 
dozen coal-fired plants, and to the power needs of 
about six million people living in the U S A . The U S A 
in fact accounts for about 47% of the total installed 
geothermal capacity. Table 1 shows the worldwide 
status of geothermal plants .

1 

ENERGY CONVERSION SYSTEMS 

The most appropriate type of energy conversion 
system for a geothermal site is determined by the 

Ronald DiPippo is in the Mechanical Engineering Depart-
ment, University of Massachusetts Dartmouth, North 
Dartmouth, MA 02747, USA. 

nature of the particular resource, ie, whether the 
reservoir fluid is vapour, liquid, or a two-phase 
mixture, its temperature and pressure, salinity, acid-
ity, and the amount and type of non-condensable 
gases. 

In the following sections we give a brief introduc-
tion to some of the commonly-used geothermal 
power systems, focusing on their basic operating 
principles. Later we will identify the potential en-
vironmental impacts and compare them with other 
types of power plants. For the most serious impacts, 
we will describe mitigation techniques and their 
costs. We also discuss the economic and institutional 
factors relating to geothermal energy and assess the 
future prospects for this energy source. 

Direct steam plants 

Direct steam plants are used with vapour-dominated 
resources .

2
 Steam from production wells is gathered 

and transmitted via pipelines directly to a steam 
turbine. In principle, this is all that is required, but 
practical power plants require several other items. 
These include: small, in-line centrifugal cyclone 
separators near the wellheads to remove particulate 
matter such as rock dust; drain pots along the steam 
pipes to remove condensate that forms during trans-
mission; and a final moisture removal separator just 
before the steam enters the powerhouse. 

The turbine backpressure is chosen in accordance 
with the amount of non-condensable gas in the 
steam and environmental restrictions at the site. The 
t u r b i n e m a y be e i t h e r c o n d e n s i n g or n o n -
condensing. While at most geothermal sites in the 
U S A continuous direct discharge of geothermal 
steam from a power plant to the atmosphere is 
prohibited, this type of operation is not ruled out in 
many countries. Non-condensing units are very sim-
ple, relatively inexpensive, and can be constructed 
and installed rapidly (in a few months) , but operate 
at low efficiency and may have detrimental effects 
on the environment owing to the direct discharge of 
untreated geosteam into the atmosphere. In most 
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Table 1. Geothermal power plants worldwide - 1990. 

Total 
Country Plant types

a 
No units

b 
(MW) 

USA DS, IF, 2F, Β, H 168 2 852.99 
Philippines IF 23 894.0 
Mexico DS, IF, 2F 24 720.0 
Italy DS, IF 38 546.0 
New Zealand IF, 2F, Β 16 286.0 
Japan DS, IF, 2F 11 270.3 
Indonesia DS, IF 5 142.25 
El Salvador IF, 2F 3 95.0 
Nicaragua IF 2 70.0 
Kenya IF 3 45.0 
Iceland IF, 2F, Β 8 42.9 
Turkey IF 1 20.6 
China IF, 2F, Β 15 14.586 
USSR IF 3 11.0 
France (Guadeloupe) 2F 1 4.2 
Portugal (Azores) IF 1 3.0 
Romania Β 1.5 
Argentina Β 1 0.6 
Thailand Β 1 0.3 
Zambia Β 0.2 
Australia Β 1 0.02 
21 countries DS, IF, 2F, Β, Η 330 6 017.446 

Notes:
 11

 DS = dry steam; IF = single flash; 2F = double flash; Β = binary; Η = 
hybrid;

 b
 a 'unit

1
 is defined as a turbine-generator set. 

direct-steam plants having capacities greater than 5 
MW, plants are fitted with condensers and gas 
extraction systems. The condensed steam is cooled 
in conventional cooling towers and re-circulated as 
cooling water for the condenser. External cooling 
water is not required. In fact, excess cooling tower 
water is available to assist reservoir recharge. 
Roughly 15% of the mass extracted may be returned 
to the reservoir via re-injection. 

Direct steam plants are capable of very high 
thermodynamic conversion efficiencies, based on 
the Second Law.

3
 Such plants are able to convert 

50-70% of the available work (or exergy) of the 
geosteam to electricity. 

Flash steam plants 

When the fluid in the geothermal reservoir is a 
pressurized hot liquid or a mixture of liquid and 
vapour, a self-flowing well will produce a two-phase 
mixture at the wellhead. Considering the potential 
damage to the turbine if the total flow were admitted 
to it, the steam must first be separated from the 
liquid. The simplest technique involves the use of 
centrifugal cyclone separa tors .

4
 The total flow from 

the well is directed tangentially and horizontally into 
a vertical cyclindrical vessel. Typically a vertical 
central stand-pipe conducts steam out through the 
bottom of the vessel, through a ball check valve, and 
into a pipe for transmission to the powerhouse. The 
liquid is drained from the separator under gravity 

and may be either flashed to atmospheric conditions 
before disposal or conveyed under pressure directly 
to re-injection wells. 

Single-flash steam units 

A single-flash plant is the simplest type of flash 
plant. Such plants are called 'single-flash

1
 because 

one flashing process takes place between the reser-
voir condition (pressurized liquid) and the power 
plant. The flash usually occurs in the well (but 
sometimes in the reservoir itself as the geofluid flows 
toward the well) at the point where the geofluid 
pressure falls to the saturation pressure correspond-
ing to the temperature and composition of the 
geofluid. The flash process is similar to a boiling 
process in that vapour is generated from liquid, but 
in the case of flashing in a well, this happens 
essentially without heat being transferred to the fluid 
and in fact results in a significant drop in fluid 
temperature . The two-phase fluid received at the 
wellhead is efficiently separated using cyclone separ-
ators just described, and the steam fraction is sent to 
the turbine. In other respects, a single-flash plant is 
essentially identical to a direct-steam plant. 

Double-flash steam units 

A significant improvement in resource utilization 
over the single-flash steam plant can be achieved by 
adding a secondary flash process .

5
 Instead of being 

discarded, the liquid that is removed from the separ-
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ators is subjected to another pressure drop which 
releases additional steam. The lower-pressure steam 
is admitted to the steam turbine at an appropriate 
stage and generates additional power. Except for the 
extra flash process and the associated hardware , 
control equipment and piping, the principle of op-
eration of the double-flash steam system is the same 
as for the single-flash system. 

Integrated single- and double-flash steam units 

Geothermal fields are usually developed in stages, as 
in the cases of the l iquid-dominated fields at 
Ahuachapan in El Salvador

6
 and at Cerro Prieto I in 

Mexico.
7
 In a typical scenario, during the early stage 

at least one single-flash unit is built and operated; 
during the later stage a double-flash unit is inte-
grated with the single-flash unit(s). The integration 
occurs through the use of the separated liquid from 
the single-flash unit(s) as the source of low-pressure 
flash steam (at two pressure levels) for the double-
flash unit. The addition of the double-flash unit 
obviously raises the thermodynamic utilization effi-
ciency of the entire plant since more power is 
generated with the same amount of geofluid. 

Flash-cry stallizer/reactor-clarifier units 

Geothermal fluids normally carry a wide assortment 
of dissolved minerals because of the high tempera-
tures involved and the myriad of chemical reactions 
that can take place between the geofluid and the 
reservoir rocks .

8
 In most fields, the amount and 

nature of the dissolved solids are such that utilization 
of the fluids for electric power generation is not 
difficult. Relatively simple and inexpensive means 
can be used to control or cope with any potential 
scaling or corrosion p rob lems .

9
 Hypersaline geo-

fluids, however, are found in several fields around 
t h e w o r l d . E x a m p l e s i n c l u d e L a c A s s a l in 
D j ibou t i ,

1 0
 Cesano in I ta ly ,

1 1
 and the Salton Sea in 

California, U S A .
1 2 

The concentration of dissolved solids in the fluids 
at the Salton Sea reservoir ranges from 200 000-
300 000 ppm, while the tempera ture of the fluids in 
the reservoir may reach 310°C (600°F). The highly 
corrosive and scale-forming nature of the brines 
curtailed all at tempts to use them in a power plant 
until the early 1980s. There are now six commercial 
plants operating in the area with a combined capac-
ity of about 200 M W .

1 3 

The key to the success of these plants is the use of 
a flash-crystallizer upstream of the turbine and a 
reactor-clarifier downstream. The steam is gener-
ated in a series of stages using wellhead separators , 
high-pressure (HPFC) and low-pressure flash crys-
tallizers. The brine from the H P F C is flashed to the 
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LPFC, and the highly concentrated brine from the 
LPFC is flashed to atmospheric pressure in an 
atmospheric flash vessel. The vapour fraction is 
simply vented while the liquid fraction, now highly 
supersaturated with respect to silica, is fed to a 
reactor-clarifier (RC) which separates the heavy 
solids from the liquid. Relatively clear liquid is 
pumped off the R C and directed to a secondary 
clarifier (SC). The clear liquid from the SC is then 
pumped to injection wells. The solids from the RC 
are sent to a thickener, the outflow from which is 
divided into two streams: one supplies seed material 
for the crystallizers, and the other consists of sludge 
which must be disposed of in an environmentally 
acceptable manner . At one plant, the sludge is 
dewatered in a filter system and the product is used 
in a construction-grades oil c e m e n t .

1 4 

Binary plants 

A binary plant is used when it is inadvisable to allow 
the geofluid to come in contact with the power 
production equipment , ie, turbines or engines. This 
may arise because of concerns about scaling, corro-
sion, or the effects of large quantities of non-
condensable gases. Also, if scaling problems occur in 
the production wells should flashing occur there , 
then it may be necessary to prevent flashing by 
means of downwell pumps. Although the use of 
pumps is not necessary with binary plants, they are 
currently used in all cases where the reservoir is 
l iquid-dominated .

1 5
 This type of plant is particularly 

appropriate for lower temperature resources be-
tween 120-150°C. 

Binary plants which use pumped production wells 
and which have reinjection wells to receive the spent 
geofluid are among the most environmentally benign 
power plants of any type, a major advantage in many 
environmentally sensitive areas. 

Basic binary units 

In a basic binary system, the hot liquid enters a 
vapour generator where it transfers heat to a secon-
dary working fluid (Hence the name 'binary' cycle). 
The working fluid is chosen to provide a good 
thermodynamic match to the geofluid, ie, to offer 
high utilization efficiency, as well as safety and 
economy. Some of the important characteristics of a 
working fluid are: 

φ Thermal stability tempera ture limit; 
• boiling and condensing film coefficients; 
• flammability; 
0 toxicity; and, 
• environmental effects, eg, ozone depletion 

potential . 
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losses in the heat exchangers by better matching the 
heating curve of the working fluid to the cooling 
curve of the brine. 

Dual-fluid binary unit: This system is another way to 
achieve a similar improvement by incorporating two 
binary loops, each with a particular working fluid. 
The key to producing a high-efficiency cycle is to 
couple the two loops by means of a heat recuperator 
in which the heat that would otherwise be wasted 
from the upper loop is transferred to the lower loop 
in sufficient quan t i ty to p rov ide the heat of 
vapourization for the lower cycle working fluid. 
Proper design requires the careful selection of the 
pair of fluids to match the geofluid characteristics, 
along with the optimization of the pressures and 
temperatures for both loops. The Magmamax Unit 1 
at East Mesa, C A , USA (the forerunner of the 
present B.C. McCabe Unit 1) was such a design. The 
main loop used isobutane and the bottoming loop 
used propane as the working fluids. 

Hybrid plants 

The plants described so far may be combined in 
various ways to form hybrid plants to achieve higher 
efficiencies or to overcome potential problems re-
lated to geofluid characteristics. The following are 
examples of hybrid plants: 

φ Direct-steam/binary units; and 
Φ flash-steam/binary units. 

Fossil fuels may be used in conjunction with certain 
geo the rma l p lan ts , thereby creat ing 'dual-fuel ' 
plants or fossil-geothermal hybrid p l an t s .

1 7
 These 

include: 

Φ Geothermal-preheat units; 
Φ fossil-superheat units; 
9 geothermal-preheat/fossil-superheat units; 
Φ gas turbine topping units; and 
Φ geothermohydraulic units. 

ENVIRONMENTAL IMPACTS AND 
CONTROLS 

The environmental impact of using geothermal ener-
gy for power production has been the subject of 
numerous studies and conferences .

1 8
 Impacts may 

occur in the following areas: 

φ Air pollution; 
φ water pollution; 
φ noise pollution; 
Φ land use; 
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After leaving the evaporator , the geofluid passes 
through a preheater section where it heats the 
working fluid to boiling point (subcritical-pressure 
conditions) before being discharged to the reinjec-
tion wells. A booster pump (or pumps) may be 
necessary to ensure liquid flow throughout the pip-
ing and heat exchangers. As with flash plants, there 
may be a lower limit on the geofluid discharge 
temperature or pressure depending on its scaling 
potential or the thermal effect on the reservoir. 

Thermodynamically, the working fluid follows a 
simple Rankine cycle in a closed loop, passing 
successively through the preheater , evaporator , 
superheater (if appropriate) , turbine (or other type 
of expander) , condenser and feed pump. Either a 
subcritical or supercritical vapour pressure may be 
selected. The condenser may be a water-cooled or 
air-cooled depending on site conditions. The feed 
pump consumes a relatively large amount of the 
gross power compared with the feed pumps in a 
conventional fossil-fueled or nuclear power station. 
When this is added to the power requirements for 
the production well pumps, brine booster pumps, 
cooling water circulation pumps, and cooling tower 
fan motors, one finds that a significant fraction of 
the turbine output , as much as 20 -30%, must be 
spent on parasitics. 

Cascaded binary units 

The net utilization efficiency of a basic binary cycle 
can be relatively low because of high parasitic power 
requirements. Thus, there is ample incentive to seek 
binary cycles that are more inherently efficient.

16
 In 

this section, we describe two variations on the basic 
binary cycle that can exhibit higher efficiencies: a 
dual-pressure system and a dual-fluid system: 

Dual-pressure binary plant: In this process the tur-
bine receives the working fluid at two pressure 
levels. Either two separate turbines or a dual-
admission turbine may be used. The condensate 
pump returns the working fluid to a preheater where 
it is heated to the saturation point. The fluid is 
divided into two streams: one enters the low-
pressure evaporator and one is pumped to a higher 
p r e s s u r e b e f o r e e n t e r i n g t h e h i g h - p r e s s u r e 
p rehea te r / evapora to r . Both evapora tors usually 
operate at subcritical pressures. Typical working 
fluids include isobutane and isopentane. 

Optimized dual-pressure binary plants can have 
15-25% higher brine utilization efficiencies com-
pared to basic binary plants for geofluids in the 
95-150°C (200-300°F) temperature range. The im-
provement comes from reducing the thermodynamic 



Φ water use; 
Φ thermal pollution; 
Φ land subsidence; 
Φ destruction of natural wonders; 
Φ aesthetics; and, 
Φ catastrophic events. 

This is a comprehensive list of all possible impacts, 
but only the first four are significant enough to 
warrant detailed discussion here . The others will be 
covered briefly at the end of this section. 

Plant emission points 

The nature and extent of the impact depends on the 
type of plant and the resource characteristics. It is 
important to understand which elements in a plant 
may contribute to the environmental impact so as to 
design appropriate controls. During normal opera-
tion (ie, excluding emergency conditions), a geoth-
ermal power plant may interact with its environment 
at the following points: 

φ Silencers at wellheads and powerhouse; 
φ drains and traps from geofluid pipelines; 
φ vent from non-condensable gas ejector; 
φ vapour plume from cooling tower; and, 
φ blowdown of excess condensate from cooling 

tower. 

For certain plant designs, the following emission 
points may also be important: 

φ Condenser cooling water outlet (if using once-
through cooling and a direct-contact conden-
ser); 

φ brine discharge (if not reinjected); 
φ geofluid exhaust from turbine (for a non-

condensing, discharge-to-atmosphere unit; 
φ outlet streams from gas abatement system (if 

used). 

Finally, the thermal impact on the environment , 
although not usually thought of as an emission, is 
conveyed to the surroundings via the cooling tower 
or the air-cooled condenser, depending on which 
system is used. We will not deal with the normal 
impacts associated with the construction phase since 
these are similar to those for any major power 
project involving the use of heavy equipment . 

Air pollution 

Problems may arise if the gaseous elements carried 
by the steam are discharged to the air. The non-
condensable gases consist of carbon dioxide ( C 0 2 ) 
and hydrogen sulfide ( H 2S ) , plus very small amounts 
of other gases such as methane , hydrogen and 
ammonia. Emissions of H 2 S are considered a prob-
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lern because of the gas's harmful effects on humans 
and plants in certain concentrations and its ' rotten 
egg' odour , detectable at 30 ppb. Strict regulations 
on H 2 S emissions exist at all geothermal plans in the 
U S A . The emissions of C 0 2 , an important 'green-
house gas

1
, are not yet regulated, but are a cause for 

concern. 

The amount of gas emitted per unit of electricity 
generated may be used to rate various methods of 
power production. Elsewhere I showed that geoth-
ermal steam plants have the lowest emissions of 
C 0 2 / k W h of electricity than any other type of plant 
having C 0 2 emiss ions .

1 9
 Geothermal steam plants 

emit typically only 5 % of the C 0 2 emitted by a coal 
plant and about 8% of the C 0 2 from an oil plant, per 
kWh. Table 2 shows the results. 

In sparsely populated areas, H 2 S emissions are 
usually not seen as a problem. At many geothermal 
sites, the air is already burdened with natural emis-
sions from fumaroles, hot springs, mud pots, etc. 
Where required, power plant H 2 S emissions may be 
drastically reduced by using the best available con-
trol technology. At The Geysers plants in northern 
Cal i fornia , U S A , Stretford aba t emen t systems 
achieve better than 90% reduction of total H 2 S 
emissions. It is noteworthy that the only geothermal 
plants with H 2 S abatement systems are , at present, 
in the U S A . 

In principle, one could capture all the vent gas 
from the non-condensable gas ejector, compress it 
and reinject it back into the reservoir, as long as the 
thermal , chemical and physical properties of the 
formation are favourable. The work required for gas 
compression, however, could be a significant drain 
on the plant output . Even in this case, if the geo-
steam condensate is used as cooling tower makeup, 
the non-condensable gas which is dissolved in the 
condensate will be released into the atmosphere with 
the water vapour plume, unless the condensate is 
treated chemically. 

Finally, binary plants have no gaseous emissions 
and so do not contribute to air pollution. 

Water pollution 

Surface waters: These may become contaminated if 
geothermal fluids are allowed to drain into water-
ways. High- tempera ture reservoirs, greater than 
roughly 230°C (450°F), generally produce liquids 
containing an extensive menu of dissolved minerals, 
such as CI, Na, K, Ca, Β , Li, As , F , Mg, Si, I, R b , 
Sb, Sr, bicarbonate and sulphate. Not all of these are 
present in significant concentrations at all sites. 
Some of these, depending on their concentration, 
could seriously affect surface waters. Lower temper-
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Table 2. Carbon dioxide emissions for various plants. 

C 0 2 emitted 
Fuel/plant type (kg/kWh) 

Geothermal 
Binary 0.0 
Steam 0.05-0.07 

Natural gas 
Combined-cycle 0.41 
Steam-cycle 0.45 
Simple gas turbine 0.59 

Oil/steam cycle 0.68 
Wood/steam cycle 0.91 
Coal/steam cycle 1.13 
Bagasse/steam cycle 1.18 

ature reservoirs often yield relatively clean fluids 
with less than 1 000 ppm of total dissolved solids. 
Nevertheless, it is good practice to collect all dis-
charge liquids and dispose of them by reinjection. 
Impermeable evaporation ponds may be used on an 
interim or temporary basis under emergency condi-
tions. 

Ground water: Contamination may occur if the 
casings in reinjection wells should fail, allowing fluid 
to leak into shallow aquifers, or if holding ponds are 
not impermeable. Both of these possibilities can be 
essentially eliminated by careful design, attention to 
quality control during drilling and construction, and 
proper monitoring during operation. 

Outside the USA and Japan where reinjection of 
waste fluids is standard practice, surface disposal of 
waste fluids is common. It is encouraging that at the 
new 116.4 MW Ohaaki power plant in New Zealand 
the waste liquid is reinjected instead of being dis-
charged into the adjacent Waikato River which in 
fact receives the liquid discharged from the Wairakei 
g e o t h e r m a l s t a t i o n o n l y a few k i l o m e t r e s 
ups t r eam.

2 0
 Also, provision is being made to reinject 

all spent liquid from the 55 MW plant under con-
struction at the Miravalles field in Costa Rica, and at 
least a portion of the waste brine from the Ahuacha-
pan plant in El Salvador is being reinjected. 

Noise pollution 

Well drilling generates the most serious noise pollu-
tion. During normal plant operat ion, a geothermal 
station does not emit objectionable noise. However, 
under emergency condi t ions , usually for brief 
periods, the possibility arises for high noise levels if 
it is necessary to vent steam. Simple rock mufflers 
are routinely installed to reduce the velocity (and the 
noise) of the venting steam. Table 3 shows a com-
parison of noise levels from a variety of geothermal 
operations with noises of everyday life. The data 
refer to plants at The Geysers in California, USA. 

Even a wide-open, vertically discharging well, one of 
the worst possible noise sources associated with 
geothermal operat ions, when heard from a distance 
of about one kilometre, is no worse than a typical 
noisy urban area. Fur thermore , the routine noise of 
plant operation (excluding well drilling, testing, or 
venting) is practically indistinguishable from other 
background noises at about one kilometre. 

Land use 

Geothermal plants must be built on the geothermal 
reservoirs. Long geofluid transmission lines are not 
practical because of losses in pressure and tempera-
ture. Land is required for the powerhouse and its 
related equipment such as cooling towers and elec-
trical switchyard, for the well pads, and the geofluid 
pipelines. Since the latter are normally mounted on 
stanchions and do not preclude parallel use (such as 
cattle grazing or agriculture), the land taken out of 
service for pipe routes is minimal. The well field, 
however, can cover an extensive area. The total area 
encompassing all the wells serving the 180 MW 
Cerro Prieto I plant in Mexico amounts to roughly 
5.4 x 10

6
 m

2
 or 540 h a .

2 1
 The power house is 

included within this area. The area actually occupied 
by the well pads, however, is far smaller, roughly 
0.12 x 10

6
 or 12 ha, ie, roughly 2 % of the total area. 

In the case of Cerro Prieto, the space between well 
pads happens to be unusable because it is barren 
desert , but in many geothermal fields, the open 
space is arable. 

Geothermal plants require less land per megawatt 
than competing power plants. In rough figures, a 

Table 3. Noise level comparisons. 

Noise level 
(dB (A)) Noise source 

120-130 Jet airplane at 30m 
114 Geothermal air drilling rig, with 23 

kg/s steam entry and no muffler, 
at 8m 

90 Automobile freeway 
80-90 Noisy urban area 
84 Geothermal air drilling rig, with 

25 kg/s steam entry and muffler,. 
at 8m 

82-83 Water cooling towers at 3m 
71-83 Open geothermal steam well, 

vertically discharging, at 900m 
73 Geothermal turbine building at 8m 
65 Geothermal air drilling rig, with 

25 kg/s steam entry and muffler, 
at 75m 

65 Normal speech at 0.3m 
50-60 Business office 
48-52 Quiet suburban residence 
20-30 Wilderness area 
0 Hearing threshold 
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Table 4. Land use for various power plants. 

Specific area use 
Plant type (10

3
 m

2
/MW) 

Geothermal 
Flash plant 1.2 
Binary plant '2.7 

Nuclear
a 

10.0 
Solar thermal 28.0 
Coal-steam

b 
40.0 

Solar photovoltaic 66.0 

Notes:
 a

 Based on Boston Edison's Pilgrim Station, Plymouth, 
MA, USA; plant site only;

 b
 Based on Salt River Project, Navajo 

Power Plant, Page, AZ, USA; includes area to be strip mined at 
Black Mesa, AZ, for 30 years of operation. 

single-flash plant requires about 1 200 m
2
/ M W and a 

binary plant uses about 2 700 m
2
/ M W .

2 2
 Table 4 

presents a comparison of land use for several com-
mon power plants. For example, the 3-unit, 2 258 
M W total, coal-burning Navajo plant in Arizona, 
USA, requires 40 000 m

2
/ M W , including 30 years of 

coal strip-mining. A solar-thermal plant for the 
Mojave desert of California, U S A , will need a total 
of 1.3 x 10

6
 m

2
 for an 80 MW (peak) plant, or about 

16 000 m
2
/peak MW. Accounting for the fact that 

the plant operates as a solar plant for only 14 
hours/day, the land use per average M W soars to 
28 000 m

2
/average M W .

2 3
 Solar photovoltaic plants 

require even more land. For plants in the American 
southwest where the insolation (averaged over 24 
hours) is the highest in the U S A , namely 0.25 
kW/m

2
, the collector area alone is 33 000 m

2
/average 

MW, assuming 12% conversion efficiency between 
photons and electrons. Allowing for 'elbow room' 
between collectors, doubles the total required land 
area to 66 000 m

2
/average MW. 

Other potential environmental impacts 

As regards thermal pollution, geothermal plants 
reject much more heat per unit of electricity gener-
ated than other type plants. Table 5 gives a compari-
son among common power plants. The figures refer 
to heat discharged at the plant site. If one accounts 
for the heat dissipated during the winning and 
transportation of the fuels for the other plants (such 
as coal, oil, gas or uranium), then geothermal is less 
disadvantaged. Nevertheless, the waste heat rejec-
tion systems for geothermal plants are significantly 
larger than for comparable sized fossil or nuclear 
plants. 

As regards water use, geothermal steam plants 
need no external water for cooling purposes since 
the geosteam is condensed, cooled and recirculated 
to the condenser. In contrast, a geothermal binary 
plant has no geosteam condensate and the cooled 
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Table 5. Heat rejected per unit of power output. 

Thermal power rejected 
Plant type Electrical power output 

Geothermal 
Binary

11 
9.0 

Single flash
b 

5.3 
Double flash

b 
4.8 

Direct steam
c 

4.4 
Simple gas turbine 3.0 
Solar thermal 2.3 
Nuclear 2.0 
Coal-steam 1.7 
Oil-steam 1.6 
Combined cycle 1.1 

Notes:
 a

 Basic cycle; moderate temperature resource, approx 150 
C;

 b
 Resource temperature = 250°C (saturated liquid); condenser 

temperature = 50°C;
 c
 Steam temperature = 176°C (saturated); 

condenser temperature = 50°C. 
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brine is usually too contaminated for use in a cooling 
tower wi thout expensive chemical t r e a t m e n t .

2 4 

However , binary plants can be built with air-cooled 
condensers , thereby eliminating the need for cooling 
water. 

As regards land subsidence, the only noteworthy 
case is at the Wairakei field in New Zealand where 
the maximum drop in ground level exceeds 7.5 m 
and is continuing at an annual rate of about 0.4 m .

2 5 

However , this is confined to a small area away from 
the powerhouse and has not caused major difficul-
ties. 

As regards destruction of natural wonders , care is 
usually taken to preserve such thermal manifesta-
tions as geysers or hot springs wherever they are 
tourist attractions. Such areas are normally specially 
designated, as national parks for example, and are 
off-limits to development. This is certainly t rue, for 
example, in the U S A , Japan and Costa Rica. 

As regards aesthetics, the structures associated 
with geothermal plants are low in profile and can be 
designed to blend into the natural surroundings. 
This is not the case for coal or oil plants which often 
have stacks as high as 500 feet, nuclear stations with 
massive containment structures and huge natural 
draft cooling towers, or wind farms with hundreds of 
wind turbines mounted on high supports , arrayed on 
hillsides, in mountain passes or along coastlines. 

Finally, there are possible catastrophic events 
such as well blowouts or ear thquakes from induced 
seismicity. Although well blowouts did occur in the 
early days of drilling at some fields, for example, at 
The Geysers (California, USA) and at Wairakei and 
Ti Mihi (New Zealand) , such events are rare nowa-
days. The likelihood of a blowout is minimized by 
the proper use of blowout preventer equipment and 
by following proper drilling procedures. Strict reg-
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COSTS AND INSTITUTIONAL 
FACTORS 

The 330 power plants in operation in 21 countries 
produce electricity economically relative to compet-
ing power plants. Because of the wide variation in 
geothermal fluid characteristics from site to site, it is 
not possible to generalize about the costs of field 
development, plant design and construction, or op-
eration. The cost to generate a kilowatt-hour of 
electricity depends on the reservoir depth, the fluid 
temperature , salinity and non-condensable gas con-
tent, the size or power rating of the unit, and the 
type of energy conversion system. 

The geofluid and power sales agreements also play 
important roles. There are several possible arrange-
ments: 

φ Single entity: One agent owns and develops the 
field, owns and operates the plant, distributes 
and sells the electricity. This is typical of many 
countries where the government owns all natu-
ral resources and is the sole body responsible 
for the generation and distribution of power. 

φ One field developer, one power producer: Here 
one entity holds title to the resource and 
develops the geofluid supply. This entity sells 

the geofluid to a different agent who owns the 
power plant, distributes and sells the power. 
Such an arrangement is used for most of the 
units at The Geysers where a number of field 
operators sell steam to the Pacific Gas & 
Electric Company, 

φ One field developer and power producer, one 
power purchaser, distributor and seller: This is 
the typical arrangement under the US Public 
Utility Regulatory Policy Act ( P U R P A ) of 
1978 .

2 7
 The price which the developer/ 

producer receives for the electricity is the 
so-called 'avoided cost ' , ie, the cost which the 
power purchaser (usually a utility) would have 
to incur if it were to install the capacity to 
generate the purchased power. 

There are many other combinations of these 
arrangements and many alternative financial struc-
tures, some of which are complex involving numer-
ous partners and investors. 

For the case of split ownership between the geo-
thermal resource and the power plant, the form of 
the geofluid sales agreement strongly influences the 
plant design and economics. Consider two models: 
Model 1 requires the plant owner to pay the field 
developer according to the amount of electricity 
actually generated and delivered to the grid; Model 
2 requires the plant owner to pay the field developer 
according to the amount of geofluid delivered to the 
plant (at specified thermodynamic conditions). 
Model 2 provides an economic incentive for the 
plant owner to make more efficient use of the 
geofluid than does Model 1. Early steam sales 
agreements at The Geysers were based on Model 1 
and led to relatively simple and inexpensive plants. 
More recent contracts are based on Model 2 and 
have led to more costly but much more efficient 
plants. 

The current cost to drill a geothermal well varies 
widely from field to field: from $500 000 to 
$2 000 000. A typical well can produce about 5 MW. 
Thus the specific cost of a well ranges from $100-
400/kW. 

The specific capital cost to build a geothermal 
plant (exclusive of well cost) also varies widely 
depending on the type of energy conversion technol-
ogy used. Today one finds these costs in the range 
$1 000-3 000/kW. 

The particular costs for the environmental protec-
tion depend on the type and size of the equipment 
required, which in turn depend strongly on the 
highly variable resource characteristics. Neverthe-
less, some estimates can be made for the more 
common abatement systems. 

1 2 0 

ulations apply to the drilling of geothermal wells in 
the USA and other countries. The requirements and 
procedures in California, where the vast majority of 
geothermal wells in the USA are located, are parti-
cularly s t r ingent .

2 6 

Induced seismicity is caused when the injection of 
high-pressure liquid into a fractured reservoir opens 
fractures and allows adjacent stressed rock masses to 
slip. Although the reinjection of waste brines in-
volves a similar process, the pressures used are not 
high enough to cause problems. Studies have shown 
that the injection (or production) of geothermal 
fluids does not induce ear thquakes; at most, these 
processes may give rise to microseismic events. 

Since many geothermal sites are in areas of steep 
topography, care must be taken to stabilize all slopes 
that might be prone to landslides. Natural events of 
this type can cause serious accidents if the falling 
rocks damage wellheads or pipes resulting in the 
release of geofluids. 

Even the worst plausible accident at a geothermal 
plant would be far less serious than, say, at a nuclear 
station where a major accident has global repercus-
sions, or at a hydroelectric station where the failure 
of a dam could result in thousands of human fatali-
ties. 
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Where it is necessary to abate the emissions of 
H 2 S , the added capital cost is about $30/kW for a 
Stretford-type sys tem.

2 8
 The cost of reinjection wells 

for the safe disposal of waste brine is in the range of 
$50-100/kW. Noise abatement equipment , eg, rock 
mufflers, are relatively inexpensive on a per/kW 
basis. Steam venting can be eliminated during tur-
bine trip conditions by incorporating a turbine 
bypass from the main steam line to the condenser. 
The capital cost to install such a bypass is about 
$18/kW. Assuming that power is available to run 
auxiliary equipment , this technique eliminates not 
only noise but also H 2 S emissions from unabated 
steam venting. The annualized cost to build and 
operate a bypass system is about $5/kW over the life 
of the p l an t .

2 9 

Since typical geothermal plant capital costs ranged 
from $1 000-3 000/kW, the direct costs to abate the 
most significant potential environmental impacts are 
not large. There can be indirect costs, however, in 
the form of lost revenues due to extra outages 
caused by failure of the abatement systems. For 
example, having an extra reinjection well on standby 
may cost $10-20/kW, and a reduction in capacity 
factor of, say, ten percentage points would amount 
to $85-90/kW in lost annual revenues at a 50 M W 
plant. 

In spite of the long history of geothermal power 
generation, dating from 1903 in Italy, it remains an 
unfamiliar technology in many countries. This fact 
creates a hesitancy to adopt geothermal even in 
places where it has great potential . Thus , the risks 
associated with geothermal development tend to 
become exaggerated. This was no better illustrated 
than in the early days at The Geysers where the 
Pacific Gas & Electric Company required Magma 
Power Company and Thermal Power Company, the 
field developers, to open the wells to the a tmosphere 
for a period of several months to demonstrate the 
longevity of the resource before committing itself to 
construct a power plant. This took place more than 
40 years after the successful plant at Larderello 
began operating. 

GEOTHERMAL PROSPECTS 

The following countries have excellent potential for 
developing their geothermal resources to the point 
of electricity generation by the year 2000: Bolivia; 
Canada; Chile; Costa Rica; Djibouti ; Ethiopia; 
Guatemala ; Honduras ; India; Saint Lucia; and, 
Thailand. 

The following countries have interesting prospects 

and with further exploration may prove to have 
commercially valuable geothermal resources: Alger-
ia; Austria; Brazil; Burma; Colombia; Domenica; 
Dominican Republic; Ecuador; Granada ; Greece; 
Haiti ; Hungary; Iran; Israel; Jordan; Madagascar; 
Nepal ; Pakistan; Panama; Peru; Portugal (Cape 
Verde) ; Spain (Canary Islands); Sri Lanka; Tanaza-
nia; Uganda; Venezuela; Vietnam; and, Yugoslavia. 

Although it is difficult to quantify these various 
resources in terms of output , and very few detailed 
surveys have been carried out , the contribution from 
geothermal could be significant over the medium 
term. As an indication, for instance, the USA has a 
generally accepted potential of around 25 000 MW 
(electrical) for about 30 to 40 years. 

With the emergence of small, modular binary 
power units as commercially viable plants, many 
geothermal reservoirs previously thought to be un-
suitable for power generation because of relatively 
low temperatures are now good candidates for de-
velopment. 

CONCLUSION 

Geothermal resources are being used today in 21 
countries to generate electricity reliably, economi-
cally, and safely. For many other countries, particu-
larly in the developing world, geothermal energy 
could play a major role in meeting the projected 
demand for electricity. Energy conversion systems 
are available for use with a wide variety of resources. 
On the whole, geothermal power plants have far less 
of an adverse impact on the environment than 
competing plants. Geothermal reservoirs can pro-
duce fluids for long periods of time when properly 
managed, resulting in long lived base-load power at 
an economic cost with minimal environmental im-
pact. 
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Part II: Feasibility and System Integration 

Chapter 9 

Energy Analysis of Renewable Energy Sources 
N.D. Mortimer 

This paper examines the application of energy 
analysis to the assessment of renewable energy 
sources. The basic features, terms, conventions 
and methods of energy analysis which were 
established during the 1970s are introduced and 
the value of energy analysis as a means of 
evaluating new energy technologies is explained 
in relation to current concern about resource 
depletion and global warming. Additionally, the 
way in which energy analysis can complement 
conventional economic evaluation is discussed. 
An extensive summary of results from previous 
energy analysis studies of renewable energy 
sources is presented and essential improvements 
in energy analysis databases to enable progress 
with new studies are described. 

Keywords: Renewable energy; Energy analysis; Global warming 

Energy analysis is a means for calculating the total 
amount of energy required to provide goods or 
services. Although early forms of this technique 
appeared in the 1920s and 1930s,

1
 the current basis 

for energy analysis was formulated in the 1970s. 
During the late 1960s and early 1970s, a number of 
researchers throughout the world had begun work, 
often quite independently, on energy analysis. Such 
work had been encouraged by concern about energy 
resource depletion and scarc i ty .

2 ,3
 Further impetus 

was given to this work by the first oil shock in 1973 
and 1974. However , it was not until a workshop, 
organized by the International Federat ion of Insti-
tutes for Advanced Study ( IFIAS) , brought together 
a group of these early researchers, at Guldsmedshyt-
tan in Sweden during August 1974, that a common 
basis for energy analysis was recommended .

4
 A 

further workshop to consider the relationship be-
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tween energy analysis and economics took place at 
Lidingö in Sweden during June 1975.

5 

Conventions of energy analysis 

The IFIAS workshops produced guidelines which 
provided a set of conventions for energy analysis 
including basic definitions which characterize the 
technique, common measures and units of energy-
use, agreed methods for calculating results and 
standard terms for reporting the results. The subse-
quent conventions of energy analysis have been 
extensively described e l s e w h e r e .

6 , 7 ,8
 These conven-

tions have changed as different aspects of energy 
analysis have been emphasized to achieve diverse 
aims and objectives. However , it is still possible to 
use the original conventions to consider the energy 
analysis of renewable sources of energy. The main 
features of these conventions are summarized here. 
The most important feature is the meaning of energy 
in energy analysis. Thermodynamical ly , energy 
analysis is the study of free energy changes within a 
process. Practical considerations mean that energy 
analysis is mainly concerned with the heat released 
during the combustion of fuels such as coal and coal 
p r o d u c t s , na tura l gas and pe t ro leum products 
although it is possible to take into account the heat 
generated by nuclear fission reactions and the ener-
gy flows available from renewable sources. In most 
situations, the neat released during combustion is 
determined from the quoted energy content or calor-
ific value of fuel in quest ion. Although many 
variants of energy analysis exist, most studies evalu-
ate the total primary energy required by a process. 
For fossil fuels, primary energy is equivalent to the 
energy in the fuel immediately after extraction. 
Al though many interpretat ions are possible for 
quantifying the primary energy of nuclear power and 
other sources of primary electricity, such as hydro-
power, most energy analysis studies assume that this 
can be equated to the notional heat released by an 
equivalent conventional coal-fired power station. 
The energy of labour in any form is usually excluded 
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this it is necessary to investigate in detail the energy 
used in processes which are progressively more 
removed from the basic system under examination. 
In contrast , statistical energy analysis relies on 
sources of statistics that summarize transactions 
within regional, national or international economies, 
usually in the form of input-output tables. By using 
such sources of statistics, all the interconnections 
between every process within the economy can be 
determined and the resulting energy inputs can be 
evaluated. Consequently, it is possible to derive an 
extensive database of results, typically in the form of 
energy intensities, quite quickly using statistical 
energy analysis. However , the results are normally 
less reliable and less accurate due to the aggregation 
of information in statistical sources. Although the 
methods of statistical energy analysis can be used in 
conjunction with those of process energy analysis, 
the latter is preferred as a means of obtaining results 
for specific processes. 

Applications of energy analysis 

A growing number of energy analysis studies were 
completed during the 1970s and early 1980s. Some of 
these studies had different objectives which influ-
enced the particular conventions adopted and gov-
erned the meaning and interpretation of subsequent 
results. To a certain extent, the original conventions 
reflected the main concerns of the time which were 
related to fears of mineral resource depletion, fo-
cused on fossil fuels. This partly explains the emph-
asis on primary energy in energy analysis. It further 
explains the use of calorific values to measure energy 
since this enabled amounts of energy available from 
different fossil fuels to be added together, thereby 
disregarding other differences between these fuels. 
Such aggregation simplified the derivation and re-
porting of results which indicated the total depend-
ence of given processes on fossil fuel resources 
generally. The use of calorific values also enabled 
the results of energy analysis to form the basis for 
artificial heat release s t u d i e s ,

9 , 10
 which became quite 

important at the time because of early interest in the 
effects of anthropogenic heat re lease .

1 1 

However, at the same t ime, energy analysis was 
being used in what was regarded as a more signifi-
cant role. This involved the issue of so-called net 
energy sinks. Concern about apparent fossil fuel 
shortages had led to proposals to expand the use of 
less conventional sources of energy, such as nuclear 
power, and to develop new energy technologies, 
mainly involving renewable sources of energy. In 
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from energy analysis. The IFIAS guidelines also 
recommend the use of Système Internationale units 
of measurements , with the adoption of the joule (J) 
as the unit of energy. However, since this is a rather 
small unit of energy in everyday terms, the mega-
joule (MJ = 10

6
J) is more frequently used. 

Since the overall aim of energy analysis is to 
evaluate the total amount of primary energy that is 
required to provide a given product of service, a 
systems approach is often applied in subsequent 
studies. This involves establishing an imaginary 
boundary around the process under consideration 
and measuring energy inputs as they cross over this 
boundary. This leads to the concept of direct and 
indirect energy inputs. Direct energy inputs arise as 
the heat released by the combustion of fuels pass 
over the boundary and are used directly within the 
system. Indirect energy inputs occur due to the 
combustion of fuels elsewhere to provide products 
and services required by the process within the 
systems boundary. The total amount of energy 
needed to make one unit of output from the system 
in question equals the sum of both the direct and 
indirect energy inputs. This is referred to as the 
energy requirement if the output is measured in 
physical terms (for example, MJ/kg), or as the 
energy intensity if the output is measured in financial 
terms (for example, MJ/£). When discussing the 
energy analysis of sources of energy it is particularly 
important to distinguish between two other terms; 
the gross energy requirement and the net energy 
requirement. The gross energy requirement of a 
source of energy equals the sum of the direct and 
indirect energy used to provide one unit of output 
plus the energy content of the original source of 
energy. The net energy requirement does not in-
clude the energy content of the original source of 
energy. Hence , the net energy requirement gives an 
indication of the amount of energy from other 
sources required to obtain energy from the particu-
lar source in question. It should be noted that the 
main result quoted in some energy analysis studies is 
the energy ratio which is simply the inverse of the 
energy requirement. 

The concept of system boundaries is also helpful 
in introducing the basic methodologies of energy 
analysis which can be distinguished into two general 
approaches; process energy analysis and statistical 
energy analysis. Process energy analysis involves 
tracing the energy inputs to all the products and 
services on which a process depends, described 
principally in physical terms. Hence , process energy 
analysis can produce , potentially, very accurate, 
reliable and specific results. However, to achieve 



many cases, the conventional evaluation of these 
technologies was thought to be inadequae mainly 
because their estimated costs were higher than the 
current prices of conventional sources of energy. 
However, this approach was being increasingly seen 
as unreliable due to uncertainty about future prices 
for conventional energy sources. Hence , it was 
argued that an alternative means of evaluation was 
needed which avoided these problems. Energy 
analysis seemed to offer this alternative because it 
was based entirely on physical properties which, 
unlike economic measurements , are not prone to 
potentially erratic fluctuations resulting from the 
unpredictable behaviour of the market . In simple 
terms, energy analysis provided, by means of the net 
energy requirement , a means of directly comparing 
the energy input to a new technology with its energy 
output. Such assessment of the net energy balance 
was seen as the ultimate test of a new energy 
technology. If a new technology consumed more 
energy than it produced so that it had a net energy 
requirement greater than one , it would not provide 
any useful contribution to energy supplies and 
should be dismissed as a net energy sink. Converse-
ly, if a new energy technology could achieve a net 
energy requirement less than one when energy was 
in short supply, then it should be adopted for use 
even if the economic evaluation of its prospects were 
found to be unfavourable. 

However , such simple reasoning is not without 
problems, especially as regards comparing the ener-
gy input with the energy output . The theoretical 
comparison of the energy input and output must, in 
practice, be carefully qualified. Although no im-
mediate problem occurs when performing the ener-
gy analysis of a technology which produces heat , 
difficulties arise for technologies with other outputs , 
especially electricity and liquid fuels for transport . In 
the case of electricity, for example there are sound 
thermodynamic reasons why one unit of energy in 
the form of heat cannot produce one unit of energy 
in the form of electricity and, hence, the basis of 
the test that the value of the net energy require-
ment should not exceed one seems fundamentally 
flawed. However , a more realistic conclusion would 
be that energy analysis does not provide results 
which can be interpreted as an absolute test of 
viability in all circumstances. Rather , it provides 
results which can be used comparatively, as will 
be demonstrated later in the paper . Additionally, it 
is possible to modify the basic da ta on fuel 
consumption which is incorporated into energy analysis 
so that direct comparisons can be made between 
energy inputs and outputs . 

Energy Analysis 

1 2 5 

Energy analysis and economics 
Apar t from these problems, the early development 
of energy analysis was also criticized from the pers-
pective of conventional economic t h e o r y .

1 2 , 13
 The 

main criticism was that energy analysis represented 
an at tempt to promote an energy theory of value as a 
replacement for conventional economic evaluation 
especially in terms of allocating resources in finite 
supply. However , most energy analysts saw the 
technique as a useful complement to conventional 
economic evaluation. Energy analysis can provide 
additional information on which to base decisions of 
energy resource allocation. Fur thermore , the com-
bined use of energy analysis with economic evalua-
tion can correct implicit errors in the latter that can 
lead to the misallocation of resources. Estimating 
the likely future costs of a new energy technology is 
an essential part of the decisionmaking process. 
H o w e v e r , when such eva lua t ion t akes p lace , 
assumptions about fuel prices are implicitly incorpo-
rated into the calculations. This creates an anomaly 
in conventional economic evaluation, as can be 
explained by means of the following simple example. 

Assume that the price of electricity from currently 
conventional sources is equivalent to 1.4 pence/MJ. 
A new electricity-generating technology has been 
proposed which incorporates a special material that 
requires a substantial amount of electricity to manu-
facture. Further assume an energy analysis study 
would indicate that 0.8 MJ of electricity are needed 
to assemble and operate the new energy technology 
for every 1 MJ of electricity generated. If no other 
fuels are used then the net energy requirement is 0.8 
MJ/MJ. However , such information is not taken into 
account in conventional economic evaluation which 
forecasts a cost of, say, 1.9 pence/MJ of electricity 
produced by the new energy technology. Hence , this 
suggests that the new energy technology should be 
economically competitive with conventional sources 
when the price of electricity rises, in real terms, by 
about 3 6 % . It might be then concluded that further 
development of the proposal should proceed so that 
the new energy technology can be deployed when 
such electricity price rises materialize. However , the 
manufacturers ' prices for the special material used in 
the new energy technology incorporates the current 
price of electricity. When the price of electricity rises 
to 1.9 pence/MJ, the material will be found to cost 
more in real terms, thereby resulting in a new 
forecast price for electricity from the new energy 
technology of 2.3 pence/MJ which means that it is 
still uneconomic. In fact, the price of electricity must 
increase to 3.9 pence/MJ before the new energy 
technology is competit ive, which is a substantially 
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2.6 pence/MJ which, in reality, is not attainable. 
These fundamental problems would have been 

foreseen by energy analysis and would have been 
resolved by combining the results of this technique 
with conventional economic evaluation so that the 
correct advice about the prospects for the new 
energy technology would be available to decision-
makers . In practice, energy analysis has been used to 
identify potentially misleading conclusions from con-
ventional economic evaluation. Indeed, the techni-
que became a legal requirement in the U S A .

1 4
 Other 

examples of the use of energy analysis in this manner 
involve the suggested use of uranium from very low 
grade sources, such as granite and sea water, as an 
economic opt ion for nuclear p o w e r ,

1 5 , 1 6 , 17
 the 

assessment of a l ternat ive t ranspor t fuels from 
biomass, such as maize, in the U S A ,

1 8
 and the 

appraisal of the wave power research and develop-
ment programme in the U K .

1 9 

Summary of results 

Having established the essential background of ener-
gy analysis, it is now possible to examine some 
results. Table 1 provides the basis for setting these 
results presented here in context since it summarizes 
the total fossil fuel energy required to produce one 
unit of energy, in the form specified, from a selec-
tion of conventional sources of energy. The illustra-
tive results quoted in Table 1 are equivalent to gross 
energy requirements , apart from the result for elec-
tricity from a nuclear power station which is, of 
course, a net energy requirement . Results from 

Table 1. Total fossil fuel energy input for energy supply from conventional sources. 

Fossil fuel energy 
input/unit 

Form of energy Source of energy energy supply 

Heating fuel Coal 1.07
a 

Natural gas 1.14
a 

Oil 1.13
a 

Transport fuel Oil 1.13
a 

Space and Natural gas 1.78
a
'
b 

water heating Oil 1.88
a
'
b 

Electricity Coal-fired power station 3.21
c 

Natural gas-fired power station 3.52
c 

Oil-fired power station 3.81
c 

Nuclear power station 0.27
d 

Sources and Notes:
 a

Based on UK data for 1974 given in N.D. Mortimer, The Use of 
Energy Intensity Multipliers, Energy Workshop Report No 22, Sunderland 
Polytechnic, UK, 1981;

 b
Assuming a heating appliance efficiency of 60%;

 c
From D A . 

Pilati, 'Energy analysis of electricity supply and energy conservation options', Energy, 
Vol 2, No 1, 1977, pp 1-7;

 d
Pressurized Water Reactor nuclear power station using fuel 

enriched by gas diffusion methods and uranium from 0.2% grade ores, from data in 
N.D. Mortimer, The Energy Analysis of Burner Reactor Power Systems, PhD Thesis, 
The Open University, Milton Keynes, UK, 1977. 
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different conclusion from the original result of the 
conventional economic evaluation. The basis of this 
anomaly is revealed by combining energy analysis 
with conventional economic evaluation to derive a 
simple expression for the forecast price of electricity 
from the new energy technology; 

/ = n.p. + c 

w h e r e / = forecast price of electricity from the new 
energy technology (pence/MJ) 

η = net energy requirement of the new energy 
technology (MJ/MJ) 

ρ = price of electricity from conventional 
sources (pence/MJ) 

c = contribution of all other (non-electricity) 
costs to the price of electricity from the 
new energy technology (pence/MJ) 

In the above example the value of c is taken as 0.78 
pence/MJ. Guidance provided by conventional eco-
nomic evaluation can be even more misleading if the 
new energy technology in question is, in fact, a net 
energy sink. Taking the value of any net energy 
requirement to be greater than one , in this instance, 
would mean that electricity from the new energy 
technology would never be economically competi-
tive, no matter how high the comparable price of 
electricity increased. Despite this, conventional eco-
nomic evaluation would derive an apparently achiev-
able price forecast for the new energy technology. 
For example, using a net energy requirement of 1.3 
MJ/MJ with the previously assumed values in the 
above expression results in a forecast price of only 
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Table 2. Net energy requirements of heating fuels from renewable energy sources. 

Fuel type 

Dried algae 

Methane 

Woody biomass 

Technique 

Cultivation on 
sewage 

Anaerobic digestion 
of livestock waste 

Cultivation and 
processing of water 
hyacinth 

Silviculture of 
Loblolly pine 

Silviculture of 
mixed hardwoods 

Silviculture of 
Autumn olive 

Silviculture of 
Populus 

Silviculture of 
Populus 

Silviculture of 
Jack pine 

Silviculture of 
Populus 

Key specifications 

Farm operations in warmest 
period only in temperate zones 

30-90 year rotation, no irrigation 
no fertilizer, no artificial drying 

60-120 year rotation, no irrigation 
no fertilizer, no artificial drying 

2 year rotation, with irrigation, 
no fertilizer, no artificial drying 

15 year rotation, no irrigation, 
with fertilizer, no artificial drying 

15 year rotation, with irrigation, 
with fertilizer, no artificial drying 

With irrigation, with fertilizer, 
with artificial drying 

10 year rotation, with irrigation, 
with fertilizer, with artificial 
drying 

Status Location 

Experimental 

Year of Net energy 
study requirement 

1976 

Operational General UK 1976 

Conceptual 

Silviculture 
operational 

Silviculture 
operational 

Silviculture 
operational 

Silviculture 
operational 

IL, USA 

IL, USA 

MN, USA 

MN, USA 

1983 

1987 

1987 

1981 

1981 

1981 

1979 

1979 

2.46
a 

2.58
a 

0.06
b 

0.02
c 

0.03
c 

0.08
c 

0.08
c 

0.16
c 

0.20
d 

0.37
c 

Sources:
 a

C.W. Lewis, 'Fuels from biomass-energy outlay versus energy returns: a critical appraisal', Energy, Vol 2, 1977, pp 241-248; 
b
W. Dritschilo et al, 'Energy versus food resource ratios for alternative energy technologies', Energy, Vol 8, No 4, 1983, pp 255-265;

 C
R. 

Herendeen and S. Brown, Ά comparative analysis of net energy from woody biomass', Energy, Vol 12, No 1, 1987, pp 75-84;
 d

B . 
Hannon, 'Energy discounting', Technological Forecasting and Social Change, Vol 21, No 2, 1982, pp 281-300. 

Table 1 can be used for comparative purposes and, 
in particular, are appropriate as criteria for assessing 
the fossil fuel saving potential of different renewable 
energy sources. 

The net energy requirements for providing heat-
ing fuel, transport fuel, space and water heating, and 
electricity from a range of renewable energy sources 
are given in Tables 2 -5 , respectively. These net 
energy requirements represent a selected summary 
of results from both original energy analysis studies 
and other published summaries in the relevant litera-
ture. In general, the results in Tables 2-5 indicate 
the amount of primary energy, measured in terms of 
the energy provided by fossil fuels, required to 
produce one unit of energy output in the relevant 
specified form. Although a fairly common basis is 
assumed for the results given, it should be noted that 
complete consistency cannot be guaranteed because 
of the diversity of the energy analysis studies and, in 
some instances, the lack of detail in the published 
sources. In some cases, the conventions of energy 
analysis have been modified for the particular aims 
of the study in question. There may also be explicit 
or implicit differences in the choice of system bound-

aries which, for example, affect the net energy 
requirements of the electricity-producing renew-
able sources of energy. These differences concern 
whether any account is taken of the energy re-
quired to construct and maintain the transmission 
and distribution network which delivers the elec-
tricity to consumers and whe the r adjus tments 
are made for electricity losses in this network. 
Although some work has been performed on these 
c o n s i d e r a t i o n s ,

1 5 , 20
 it is difficult to accommodate 

them in a general manner because of the relatively 
site-specific na tu re of most r enewab le energy 
sources. Hence , it is assumed that most of the results 
given in Table 5 exclude the energy required to 
construct and maintain the electrical network but 
may include some allowance for electricity losses in 
the network. 

The information summarized in Tables 2-5 is 
intended to provide a basic specification of each 
renewable energy source for which net energy re-
quirements are given. In many instances, this in-
formation demonstrates that variations in net energy 
requirements are due to combinations of differences 
in technical design and resource conditions. Exam-

1 2 7 
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Table 3. Net energy requirements of transport fuel (ethanol) from renewable energy sources. 

Substrate Technique Status Location 
Year of 
study 

Net energy 
requirement 

Cassava Fermentation - - 1976 1.45
a 

Euphorbia - Conceptual - 1980 0.39
b 

Fodder beet Fermentation Conceptual - 1983 0.19
c 

Maize Fermentation, no use of corn stover as boiler fuel, 
no energy credit for distillers' grains 

Operational USA 1976 2.03
d 

Fermentation, no use of corn stover as boiler fuel, 
no energy credit for distillers' grains 

Operational USA 1979 1.85
d 

Fermentation, corn stover used as boiler fuel Proposal CA, USA 1983 0.94
b 

Straw Fermentation - - 1976 5.26
a 

Sugarcane Fermentation, with use of bagasse Operational Brazil 1976 0.57
a 

Timber Fermentation via enzymatic hydrolysis 

Fermentation via acid hydrolysis : -

1976 

1976 

5.66
a 

2.32
a 

Fermentation via enzymatic hydrolysis, by-product 
methane used as boiler fuel, energy credit for lignin 

Developmental 1981 0.07
e 

Sources:
 a

C.W. Lewis, 'Fuels from biomass-energy outlay versus energy returns: a critical appraisal', Energy, Vol 2, 1977, pp 271-248; 
b
W. Dritschilo et al, 'Energy versus food resource ratios for alternative energy technologies', Energy, Vol 8, No 4, 1983, pp 255-265; 

C
J.T. Baines and N.J. Peet, 'Assessing alternative liquid fuels using net energy criteria', Energy, Vol 8, No 12, 1983, pp 963-972;

 d
M.A. 

Johnson, O n gasohol and energy analysis', Energy, Vol 8, No 3, 1983, pp 225-233;
 e
J .D. Ferchak and E.K. Pye, 'Utilization of biomass 

in the U.S. for the production of ethanol fuel as a gasoline replacement - ΙΓ, Solar Energy, Vol 26, 1981, pp 17-25. 

pies of this would include variations in forest man-
agement practices for producing woody biomass for 
heating fuel (Table 2), in chosen substrate for etha-
nol production (Table 3), in latitude and system 
configuration for solar space and water heating 
(Table 4), and in general resource features, such as 
geothermal fluid temperatures for geothermal power 
plants, load factors for hydropower schemes and 
wind speeds for wind turbines (Table 5). Despite 
these variations in results, it is possible to compare 
these net energy requirements for renewable energy 
sources with those given earlier for conventional 
sources of energy. The results shown in Table 2 
indicate that, apart from the production of dried 
algae from sewage and the generation of methane by 
the anaerobic digestion of livestock wastes in 
temperate regions, the provision of heating fuels 
from all the other specified renewable energy 
sources requires considerably less fossil fuel energy 
than current sources. However , there are problems 
with the production of ethanol as an alternative fuel 
for transport , as can be seen in Table 3. The only 
technically developed processes which require less 
fossil fuel energy input than current oil products 
seem to be the fermentation of sugarcane with the 
use of bagasse and the fermentation of maize, but 
only if corn stover can be used successfully as a 
boiler fuel. 

In contrast, Table 4 suggests that all the renewable 
energy space and water heating techniques consi-
dered make substantial savings in fossil fuel energy 
over current methods. Similarly, all the electricity-
producing renewable energy sources examined in 
Table 5 consume less fossil fuel energy than coal-, 
natural gas- or oil-fired power stations. However , 
certain renewable energy sources compare relatively 
poorly with nuclear power in terms of indirect fossil 
fuel consumption. In particular, these clearly include 
biomass-fired power plants, geopressurized geoth-
ermal power plant , solar-photovoltaic terrestrial 
arrays, both with and without orbiting reflector 
systems, solar power satellites with silicon cells, 
small wind power systems with battery storage and 
electrical generator back-up and all wave energy 
devices as configured for the 1982 assessment in the 
UK. Additionally, all the conceptual hot dry rock 
geothermal energy systems which assume regular 
t reatment of the artificial reservoir by fracturing are 
worse or marginally worse than nuclear power in 
fossil fuel energy terms. However , it should be noted 
that this comparison is based on a net energy re-
quirement for nuclear power based on current condi-
tions. As demonstrated elsewhere, the net energy 
requirement for nuclear power can be expected to 
change in the future; improving with the use of gas 
centrifuge and laser techniques for uranium enrich-

128 



Energy Analysis 

Table 4. Net energy requirements of space and water heating from renewable energy sources. 

Source of 

energy Technique 

Geothermal District heating 

District heating 

District heating 

District heating 

District heating 

Solar passive Direct gain 
(single 
building) 

Solar active 
(single 
building) 

Direct gain 

Key specifications 

Single doublet of wells, 
2.5 km pumping distance 
to heat load 

Single doublet of wells, 
5.0 km pumping distance 
to heat load 

Single doublet of wells, 
7.5 km pumping distance 
to heat load 

Single doublet of wells, 
10.0 km pumping distance 
to heat load 

Latitude 36°N 

Latitude-41°N 

Greenhouse system Latitude 36°N 

Greenhouse system 

Trombe wall without 
night insulation 

Trombe wall without 
night insulation 

Trombe wall with 
night insulation 

Trombe wall with 
night insulation 

Air collector with 
rock storage 

Flat plate air collector 
with heat pump, 
storage and hot air 
distribution system 

Flat plate air collector 
system 

Flat plate water system 
with thermo-syphon 
and daily storage 

Flat plate water system 
with thermo-syphon 
and daily storage 

Flat plate water system 
with pumping 

Flat plate water system 
with pumping 

Flat plate water system 
with pumping and 
daily storage 

Latitude 44°N 

Latitude 43°N 

Latitude 36°N 

Latitude 35°N 

Latitude 43°N 

Latitude 43°N 

Latitude 40°N 

Latitude 30°N 

Latitude 52°N 

Latitude 44°N 

Latitude 36°N 

Latitude 44°N 

Status 

Operational 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Operational 

Operational 

Operational 

Operational 

Operational 

Operational 

Operational 

Operational 

Operational 

Operational 

Operational 

Operational 

Location 

Reykjavik, Iceland 

Year of Net energy 
study requirement 

1974 0.19
a 

1980 0.07
b 

1980 0.11
b 

Santa Fe, NM, 
USA 

Rochester, NY, 
USA 

Santa Fe, NM, 
USA 

Midland, MI, 
USA 

Grand Rapids, MI, 
USA 

Sante Fe, NM, 
USA 

Albuquerque, NM, 
USA 

Madison, WI, 
USA 

Madison, WI, 
USA 

Fort Collins, CO, 
USA 

Washington, DC, 
USA 

Milton Keynes, 
UK 

1980 0.14
b 

1980 0.18
b 

1978 0.05
e 

1982 

1978 

1982 

1982 

1978 

1979 

1979 

1979 

Conceptual General UK 

Operational 

Operational 

Operational 

Eugene, OR, 
USA 

Santa Fe, NM, 
USA 

Toronto, Ontario, 
Canada 

0.05
d 

0.11
e 

0.10
d 

0.04
d 

0.08
e 

0.02-0.04
e 

0.02-0.05
e 

0.30
e 

1982 0.20
d 

1978 0.34
f 

1975 0.15
g 

1980 0.09
b 

1974 0.19
a 

1978 0.45
e 

1980 0.41-0.56
h 
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Table 4. Net energy requirements of space and water heating from renewable energy sources (continued). 

Source of 
energy Technique Key specifications Status Location 

Year of 
study 

Net energy 
requirement 

Flat plate water system 
with pumping, heat 
exchanger and hot air 
distribution 

Latitude 39°N Operational Colorado Springs, 
CO, USA 

1982 0.59
d 

Flat plate water system 
with pumping and 
daily storage 

Conceptual General UK 1980 0.36
b 

Flat plate water system 
with seasonal storage, 
heat exchanger and 
hot air distribution 

Latitude 43°N Operational Grand Rapids, MI, 
USA 

1982 0.40
d 

Concentrating water 
system 

Latitude 36°N Operational Sante Fe, NM, 
USA 

1978 0.41
c 

Solar active 
(multiple 
buildings) 

Flat plate water system 
with seasonal storage 
and district heating 

Latitude 60°N Conceptual General Finland 1983 0.83
1 

Flat plate water system 
with seasonal storage, 
heat pump and district 
heating 

Latitude 60°N Conceptual General Finland 1983 0.36
1 

Concentrating water 
system with seasonal 
storage and district 
heating 

Latitude 60°N Conceptual General Finland 1983 0.28
s 

Concentrating water 
system with seasonal 
storage, heat pump 
and district heating 

Latitude 60°N Conceptual General Finland 1983 0.29
1 

Solar pond for 
20 buildings 

- Conceptual General USA 1982 0.38
1 

Solar pond for 
district heating 

Conceptual General USA 1982 0.08
1 

Sources:
 a

R.G. Bowen, 'Net energy delivery from geothermal resources
1
, Geothermal Energy Magazine, Vol 5, No 2, February 1977, pp 

15-19;
 b

F . Roberts, 'Energy accounting of alternative energy sources', Applied Energy, Vol 6, 1980, pp 1-20;
 C
L. Sherwood, 'Total 

energy use of home heating systems', Proceedings of a Symposium on Energy Modelling and Net Energy Analysis, Colorado Springs, CO, 
USA, August 1978;

 d
R.A. Bailey, 'Net energy analysis of four technologies to provide residential space heat', Energy, Vol 7, No 10, 

October 1982, pp 803-815;
 e
L. Palmiter and S. Noll, 'Passive, active and conservation: an energetic and economic analysis', Proceedings 

of the ISES Conference, Atlanta GA, USA, May 1979;
 f
D.K. Wilcock and A.J. Frabetti, 'Solar energy and resource use', Solar Age, 

January 1978, pp 32-39;
 g

P.F. Chapman, Fuel's Paradise: Energy Options for Britain, Penguin Books, Harmondsworth, UK, 1975; 
h
D.W.O. Rogers, 'Energy resource requirements of a solar heating system', Energy, Vol 5, 1980, pp 75-86; 'P.D. Lund and M.T. 

Kangas, 'Net energy analysis of district solar heating with seasonal heat storage', Energy, Vol 8, No 10, 1983, pp 813-819. 

ment and deteriorating with increased reliance on 

lower quality uranium ores or unconvent iona l 

sources of u r a n i u m .
1 5 , 1 6 , 17 

Future prospects for energy analysis 

The results shown in Tables 2-5 are derived from 

substantial work on energy analysis during the 1970s 

and early 1980s. However , few energy analysis stu-

dies have been performed recently with the excep-

tion of some work on wind turbines. Despite this, 

the relevance of energy analysis is even more impor-

tant at the moment , not just because it can be used 

to improve conventional economic evaluation but 

also because it relies on data which can be adopted 

for calculating total C 0 2 emissions. Such informa-

tion is useful for assessing proposed strategies on 

global warming. Some work has already been under-

taken on modifying the previous results of energy 

analysis as a means of quantifying the indirect as well 

as the direct release of C 0 2 .
2 1

 However , at least two 

developments will be needed to enhance the future 

prospects of energy analysis. 

First, means of providing up-to-date databases of 

energy requirement and energy intensity results are 

needed for performing new energy analysis studies. 

1 3 0 
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Table 5. Net energy requirements of electricity from renewable energy sources. 

Source of 
energy 

Biomass 

Geothermal 

Hydro 

Technique 

Wood-fired power plant 

Eucalyptus tree farm 
and power plant 

Condensing dry steam 
plant 

Condensing dry steam 
plant 

Condensing dry steam 
plant 

Double flash plant 

Double flash plant 

Isobutane binary plant 

Total flow plant 

Geopressurized flash 
plant 

Hot dry rock binary 
plant 

Hot dry rock binary 
plant 

Hot dry rock binary 
plant 

Hot dry rock binary 
plant 

Small-scale run-of-river 
refurbished plant 

Small-scale run-of-river 
refurbished plant 

Small-scale run-of-river 
refurbished plant 

Small-scale run-of-river 
refurbished plant 

Small-scale run-of-river 
refurbished plant 

Small-scale run-of-river 
refurbished plant 

Small-scale run-of-river 
refurbished plant 

Key specifications Status 

Conceptual 

10 x 110 MW, 179°C steam Operational 

2 x 50 MW, 175°C steam Operational 

1 x 106 MW, 179°C steam Operational 

2 x 50 MW, 230-315°C Conceptual 
brine 

1 x 50 MW, 182°C brine Conceptual 

2 x 50 MW, 230-315°C Conceptual 
brine 

2 x 50 MW, 230-315°C Conceptual 
brine 

1 x 25 MW, no methane Conceptual 
recovery 

1 x 50 MW, 35°C/km Conceptual 
geothermal gradient, 
regular refracturing of 
reservoir 

1 x 50 MW, 45°C/km Conceptual 
geothermal gradient, 
regular refracturing of 
reservoir 

1 x 50 MW, 55°C/km Conceptual 
geothermal gradient, 
regular refracturing of 
reservoir 

1 x 50 MW, 55°C/km Conceptual 
geothermal gradient, 
no refracturing of 
reservoir 

1 050 kW, 33% load factor Operational 

6 500 kW, 38% load factor Operational 

3 258 kW, 42% load factor Operational 

1 400 kW, 48% load factor Operational 

1 325 kW, 65% load factor Operational 

2 163 kW, 69% load factor Operational 

2 800 kW, 83% load factor Operational 

Location 

The Geysers, 
CA, USA 

The Geysers, 
CA, USA 

The Geysers, 
CA, USA 

Salton Sea, 
Imperial Valley, 
CA, USA 

Heber, 
Imperial Valley, 
CA, USA 

Salton Sea, 
Imperial Valley, 
CA, USA 

Salton Sea, 
Imperial Valley, 
CA, USA 

Gulf of Mexico, 
USA 

Year of Net energy 
study requirement 

1978 0.82
a 

1983 1.13
b 

1975 0.04
c 

1976 0.05
d 

1981 0.08
e 

1976 0.10
d 

1981 

1976 

1976 

1981 

1981 

Elk Rapids, MN, 
USA 

Waterbury, VT, 
USA 

Turlock, CA, 
USA 

Mesa, AZ, 
USA 

Colliersville, NY, 
USA 

Fries, VA, 
USA 

Berlin, NH, 
USA 

1981 

1981 

1981 

1981 

1981 

1981 

1981 

0.23
e 

0.14
d 

0.09
d 

0.35
e 

0.37
e 

1981 0.29
e 

1981 0.26
e 

1981 0.08
e 

0.10
f 

0.08
f 

0.09
f 

0.08
f 

0.12
f 

0.03
f 

0.09
f 
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Table 5. Net energy requirements of electricity from renewable energy sources (continued). 

Source of 
energy 

OTEC 

Solar-
photovoltaic 

Solar-thermal 

Tidal 

Wind 

Wave 

Technique 

Large-scale new 
peaking plant 

Large-scale new 
peaking plant 

Large-scale new base 
load plant 

Ocean thermal energy 
conversion plant 

Ocean thermal energy 
conversion plant 

Ocean thermal energy 
conversion plant 

Ocean thermal energy 

conversion plant 

Terrestrial array 

Orbiting reflector system 
with terrestrial array 

Solar power satellite 

Solar power satellite 

Solar power satellite 

Solar power satellite 

Terrestrial distributed 
collector, point focusing 
system 

Terrestrial heliostats and 
central tower system 

Single barrage 

Horizontal axis machine 
with battery storage and 
electricity back-up 

Horizontal axis machine 

Horizontal axis machine 

Horizontal axis machine 

Horizontal axis machine 

Horizontal axis machine 

Horizontal axis machine 

Horizontal axis machine 

Horizontal axis machine 

Salter's Duck 

Sea Energy Associates' 
Clam 

Key specifications 

45 MW, 21% load factor 

72 MW, 31% load factor 

100 MW, 79% load factor 

160 MW Lockheed system 

160 MW Lockheed system, 
with aluminium heat 
exchanger 

160 MW Lockheed system, 
with titanium heat 
exchanger 

160 MW JHU/APL system 

10.0 GW, silicon cells 

74.2 GW, silicon cells 

10.0 GW, silicon cells 

10.0 GW, silicon cells 
5.0 GW, silicon cells 

5.0 GW, gallium-
aluminium-arsenide cells 

10.0 GW 

6.3 GW Line 5s scheme, 
Lavernock-Brean Down 

3 kW 

95 kW 

1.0 MW, 46m diameter 

1.0 MW, 53m diameter, 
5m/s windspeed 

1.0 MW, 6m/s windspeed 

1.5 MW, 58m diameter 

3.5 MW, lattice tower 

3.5 MW, reinforced 
concrete tower 

4.0 MW, 110m diameter, 
7m/s windspeed 

2 GW scheme, 
1982 assessment 

2 GW scheme, 
1982 assessment 

Status 

Operational 

Operational 

Operational 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Conceptual -

Conceptual 

Conceptual 

Conceptual 

Location 
Year of Net energy 
study requirement 

Conceptual 

Conceptual 

Conceptual 

Operational 

Conceptual 

Conceptual 

Operational 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Conceptual 

Tims Ford, TN, 
USA 

Melton Hill, TN, 
USA 

Nickajack, TN, 
USA 

Severn Estuary, 
UK 

General Denmark 

General UK 

General USA 

General UK 

General UK 

General UK 

General UK 

General USA 

Outer Hebrides, 
UK 

Outer Hebrides, 
UK 

1981 

1981 

1981 

1978 

1979 

1979 

1979 

1979 

1979 

1979 

1979 

1981 

1981 

1977 

1981 

1990 

1980 

1978 

1989 

1977 

1980 

1980 

1978 

1982 

1982 

0.39
f 

0.14
f 

0.09
f 

0.15
g 

0.03-0.06
h 

0.06
h 

0.05
h 

0.47 

0.98
1 

0.26' 

0.48
J 

0.29
k 

0.11
k 

0.24
1 

1979 0.15
1 

1982 0.07
m 

1.92
n 

0.08° 

0.16
p 

0.04
q 

0.06
r 

0.03
s 

0.09
p 

0.08
p 

0.02
q 

0.30* 

0.31
1 
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Table 5. Net energy requirements of electricity from renewable energy sources (continued). 

Source of 
energy Technique 

National Engineering 
Laboratory Oscillating 
Water Column 
Breakwater 

Lancaster University 
Flexible Bag 

Key specifications 

2 GW scheme, 
1982 assessment 

2 GW scheme, 
1982 assessment 

Status 

Conceptual 

Conceptual 

Location 

Outer Hebrides, 
UK 

Outer Hebrides, 
UK 

Year of Net energy 
study requirement 

1982 0.3T 

1982 0.58* 

Sources:
 a

B . Hannon, 'Energy discounting', Technological Forecasting and Social Change, Vol 21, No 4, 1982, pp 281-300;
 b

W. 
Dritschilo et al, 'Energy versus food resource ratios for alternative energy technologies', Energy, Vol 8, No 4, 1983, pp 255-265;

 C
R.G. 

Bowen, 'Net energy delivery from geothermal resources', Geothermal Energy Magazine, Vol 5, No 2, February 1977, pp 15-19;
 d

L. 
Icerman, 'Net energy analyses for liquid dominated and vapour-dominated hydrothermal energy resource developments', Energy, Vol 1, 
1976, pp 347-365;

 e
R.A. Herendeen and R.L. Plant, 'Energy analysis of four geothermal technologies', Energy, Vol 6, 1981, pp 73-82; 

f
M.W. Gilliland, J.M. Klopatek and S.G. Hildebrand, 'Net energy: hydroelectric power and summary of existing analyses', Energy, Vol 
6, No 10, 1981, pp 1 029-1 040;

 g
A.M. Perry, G. Marland and L.W. Zelby, Net Energy Analysis of an Ocean Thermal Energy Conversion 

System, Institute for Energy Analysis, Oak Ridge Associated Universities, Oak Ridge, TN, USA, 1978;
 h
R. Harrison and G. Jenkins, 

'Energy analysis and the technical forecasting of the viability of solar energy technologies', Energy for Industry, Pergamon Press, Oxford, 
UK, 1979; 'R.C. Enger and H. Weichel, 'Solar electric generating system resource requirements', Solar Energy, Vol 23, 1979, pp 
255-261;

 j
R.A. Herendeen, T. Kary and J. Rebitzer, 'Energy analysis of the solar power satellite', Science, Vol 205, No 4 405, August 

1979, pp 451-454;
 k
C.C. Frantz and A.B. Cambel, 'Net energy analysis of space power satellites', Energy, Vol 6, 1981, pp 484-501; 'A.J. 

Frabetti et al, Application of Net Energy Analysis to Consumer Technologies, ERDA 77-14, Development Sciences Inc, USA, 1977;
 m

F . 
Roberts, 'Energy accounting of River Severn tidal power schemes', Applied Energy, Vol 11,1982, pp 197-213;

 n
B.N. Haack, 'Net energy 

analysis of small wind energy conversion systems', Applied Energy, Vol 9, 1981, pp 193-200; °E. Grum-Schwensen, 'The real cost of wind 
turbine construction', WindStats Newsletter, Vol 3, No 2, Spring 1990, pp 1-2;

 P
F . Roberts, 'Energy accounting of alternative energy 

sources', Applied Energy, Vol 6, 1980, pp 1-20;
 q

D . Bain, 'Wind energy - net energy and jobs', Wind Power Digest, Spring 1978, pp 
46-48;

 r
G. Jenkins, Sunderland Polytechnic, UK, private communication, February 1989;

 S
W. Devine, Energy Analysis of a Wind Energy 

Conversion System for Fuel Displacement, ORAU/IEA(M)-77-2, Institute for Energy Analysis, Oak Ridge Associated University, Oak 
Ridge, TN, USA, 1977;

 l
G. Jenkins, 'Energy analysis of some wave energy systems', PhD Thesis, Sunderland Polytechnic, UK, April 

1984. 

The information incorporated into the results of 
previous studies was obtained from databases com-
piled almost exclusively during the 1970s. Although 
a very extensive collection of energy requirements , 
derived by process energy analysis, is available, 
these results also relate to practices common in the 
1970s.

8
 Obviously, these practices will have altered 

since then. Changes will also have affected national 
statistics used to derive energy intensities by means 
of statistical energy analysis. Existing databases of 
energy intensities relate to the U K in 1963 and 
1 9 6 8

2 2
'

2 3
 and to the U S A in 1963, 1967 and 1972,

2 4
~ 

2 7
 in particular. Although some more recent statistic-

al energy analysis has been pe r fo rmed ,
2 8
 there is an 

obvious need for producing up-to-date collections of 
generally applicable energy intensities and energy 
requirements. The continued use of energy analysis 
will also depend on generating such databases reg-
ularly in the future and it would be particularly 
helpful if such databases could contain disaggregated 
information on fuel consumption and use, which 
leads to the other important development needed 
for the future of energy analysis. 

In the past, basic fuel data were commonly aggre-
gated to obtain results represented by single num-
bers. Although the attractions of this approach are 

obvious, it limits the application of results and can 
obscure their interpretation. Apar t from simple 
work on energy analysis, it would be helpful to 
retain as much information as possible by expressing 
results in terms of the amount of energy used in a 
given process, distinguished by fuel type (for exam-
ple, coal, natural gas, oil, electricity, etc) and by fuel 
application (for example, process heating, space and 
water heating, motive power, lighting, electrolysis, 
etc) . This would enable energy analysis to be used in 
a more flexible and sophisticated manner as well as 
extending the scope of the technique. It would allow 
assumptions about energy supply and energy-use, 
especially in relation to changing patterns of fuel use 
and the potential effects of energy efficiency mea-
sures, to be altered. Additionally, the disaggregated 
information could be converted for purposes other 
than the current assessment of fossil fuel-use and 
heat release. One particularly relevant alternative 
application would be for quantifying C 0 2 emissions 
and some work on this, using the 1984 input-output 
tables for the U K , is presently underway at Sheffield 
City Polytechnic. Previously, the proposed dis-
aggregation of information necessary for extending 
the use of energy analysis was correctly regarded as 
too complex. However , this problem can now be 
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overcome due to the availability of suitable comput-
ing power and appropriate software packages such 
as spreadsheets. 



Chapter 10 

Integration of Renewable Electricity 
Sources 
M.J. Grubb 

The variable and energy-limited nature of elec-
tricity output from many renewables impede 
their use in small-scale applications. The draw-
backs are much less when renewables are con-
nected to integrated power systems. Indeed when 
capacities are small relative to the total system, 
renewables can often be more valuable than 
conventional sources, and very large capacities 
can in general be accommodated without incur-
ring major operating penalties. Also, the charac-
teristics of different variable and energy-limited 
renewable sources are usually complementary, 
and current trends in power system development 
will further ease their integration. With the possi-
ble exception of very large-scale use of photovol-
taics, it seems most unlikely that the special 
characteristics of renewable electricity output will 
significantly limit their use, provided that their 
role in power systems is properly managed and 
reflected in the tariff arrangements for renewable 
generators. 

Keywords: Renewable energy; Integration; Power system econo-
mics 

The output from most renewable sources of electric-
ity differs from most conventional power sources. 
Sources such as wind, solar, wave and tidal energy, 
are usually 'variable' : their output follows the natu-
ral fluctuations of the weather and t ides .

1
 Even 

hydro and biomass electricity differ from conven-
tional thermal plants, in being limited by the amount 
of energy available rather than the generating capac-
ity installed. As such renewable energy sources 
receive increasing interest - both in the short term 
because of the rapid economic advances in wind 
energy especially, and for the long term because of 
their potential strategic and environmental import-
ance - questions about the value of such sources 

M.J. Grubb is with the Energy and Environmental Prog-
ramme, Royal Institute of International Affairs, 10 St 
James's Square, London SW1Y 4LE, UK. 

when integrated on power systems are attracting 
growing attention. 

It has been widely assumed that the variable 
nature of many renewables poses a serious obstacle 
to their deployment , and would necessitate storage 
which could be costly, The International Energy 
Agency ( IEA) stated that the special characteristics 
'present a limitation to expanded utilization of some 
economic renewable energy technologies . '

2
 A gener-

ally positive report by the US D o E stated that 
'energy storage, or a supplemental source of energy, 
may have to be provided to make solar energy 
marke tab le ' .

3
 McLarnon and Cairns state that 'ener-

gy storage is critical to intermittent energy systems ' .
4 

Such assertions appear reasonable, but they are 
assumptions, not conclusions. Serious analysis re-
veals them to be largely without foundation. 

This paper examines the extent to which the 
special characteristics of renewables affect the value 
of their output . What penalties do variations and 
limited predictability impose on the operation of the 
rest of the system? How much backup capacity is 
required to maintain a reliable system, and how does 
this affect the economics? How much benefit might 
be obtained from greater geographical and source 
diversity, and how might this compare with the 
additional transmission requirements? More gener-
ally, how would incorporating renewables affect the 
optimal plant mix and system operation in the longer 
term, and to what extent might the special character-
istics of many renewables constrain their feasible 
long-term contribution? 

These are not new questions, many of them 
having been examined to some degree in various 
modelling and other studies, particularly since the 
substantial efforts under taken by the US Solar Ener-
gy Research Institute at the beginning of the 1980s.

5 

This paper examines the key factors which affect the 
value of variable and other renewable electricity 
sources on power systems, places this in the context 
of power systems as they are now evolving, and 
considers the potential role of various combinations 
of renewables on such systems. 

Before embarking on this, it should be empha-
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Isolated supplies and small systems 
Many renewable sources are already used, or under 

consideration, for applications where the demand is 
too small to be met by large conventional power 
stations, and which cannot readily be connected to 
existing grids. 

At the extreme are various mobile applications, 
such as caravans, and applications which are too 
small to justify even short extensions from electricity 
grids. Windmills have been used for centuries to 
provide mechanical power, and in addition to con-
tinuing widespread use for irrigation pumping they 
are now used for various forms of remote electrical 
power. Photovoltaics (PVs) tend to be best suited to 
the smallest modern electrical uses, because the unit 
costs depend little on the scale of application. Stor-
age is usually required, but for small applications the 
costs are modest , partly because PVs can generate at 
least some power every day. In addition to various 
familiar micro-electronic applications, Hil l

7
 reports 

that even in a country such as the UK there are many 
possibilities: PV is frequently the most cost-effective 
option for communication repeater stations, catho-
dic protection of various structures, motorway signs 
and telephone points, boats and caravans, as well as 
isolated dwellings: 'it is now cheaper to install a PV 
lighting unit in a shed at the bot tom of the garden 
rather than pay to have a mains cab le ' .

8
 In develop-

ing countries the potential applications are much 
larger still, and PV can provide invaluable services 
for mobile or remote refrigeration, lighting, etc. 

In addition, there are some homes in most coun-
tries which are far from grid supplies. In such 
applications the cost of the renewable source itself 
may indeed be a secondary factor; the choice may be 
driven largely by the competition between the cost 
of adequate storage against that of the copper lines 
for connecting to the nearest alternate source of 
power. Though the applications are small, in total 
they can be considerable even in countries with 
developed grid systems; the Californian Pacific Gas 
and Electric utility has estimated that isolated sup-
plies might total up to 5 % of the electricity already 
supplied through the grid system, and that exploiting 
these with stand-alone renewable units could yield 
considerable savings over the costs of continuing to 
extend the gr id .

9 

A different situation is presented by rather larger 
isolated uses, for example on small islands or iso-
lated villages or farms. In many tropical and sub-
tropical regions, PV may be suitable, but as evening 
lighting is often a main load, considerable storage 
may be required. For many island supplies, wind and 
perhaps shore-based wave machines are promising. 
Wind is also frequently better suited than PV inland 
in temperate zones, for example in mountain vil-
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sized that, as for many other aspects of renewable 
sources, few generalizations hold for all renewables; 
indeed, the characteristics of each are very distinct, 
and can also vary according to the location and 
pattern of their deployment. A number of important 
renewable sources are not significantly variable. 
Biomass is one obvious example. Large-scale hydro-
power taps a somewhat variable source (river flow) 
but with a large inherent storage capacity - usually 
with inter-seasonal capability, and sometimes 
enough to smooth across inter-annual variations. 
Small-scale hydro schemes follow variations in river 
flow more closely, but are usually still associated 
with a limited storage capacity. Ocean thermal ener-
gy is a genuinely constant source; so, often, is 
geothermal energy (which is usually considered as a 
renewable source, although generally it is not be-
cause heat is extracted faster than it is replaced). 

Some of the technologies for tapping direct solar 
energy can also smooth out some of the variations. 
Solar ponds, in which solar-induced temperature 
differences between layers in salt ponds are used to 
drive steam turbine cycles, may produce relatively 
smooth output , with a storage capacity ranging from 
hours to days. Central 'power towers ' in which 
mirrors focus sunlight on a central boiler, may also 
give a few hours inertia. The dispersed thermal 
systems developed by Luz International for Califor-
nia, in which parabolic reflectors heat oil to drive a 
steam turbine, adopt a different approach; natural 
gas is used to provide an alternate heat source for 
the turbine for occasions when peak demand coin-
cides with periods of low solar radia t ion.

6 

There are , however, important renewables which 
are inherently variable and which cannot readily 
have storage or other backup integrated with the 
design. Outstanding among these are photovoltaics, 
which arguably offer the greatest long-term potential 
of any of the renewable sources, and wind energy, 
which is among the most developed of the major 
non-hydro renewables. Wave energy and tidal ener-
gy, which may also offer important potential on 
some systems, are also inherently variable. 

It is with the economics of such sources when 
integrated on large power systems that most of this 
paper is concerned. Before addressing this, it is 
useful to consider first the scope for and issues raised 
by other possible applications, and broader issues of 
power system economics. 



lages, though combinations with PV can also be of 
interest. 

Currently, such loads are usually met using diesel 
generators, and the primary interest in renewables is 
to offset the high costs of running diesel. However , 
diesel sets are generally cumbersome in operat ion, 
with considerable losses incurred in s tar tup, shut 
down, and part loading (ie running below design 
capacity), and with many constraints on the rate of 
change in output and minimum stable output levels. 
Together with the high variability of output from 
individual wind turbines, for example, this can result 
in considerable operating penalties on wind-diesel 
systems, and the economics can depend heavily 
upon the development of sophist icated control 
strategies. In one successful application on Fair Isle, 
with a single diesel set, some loads are controlled 
automatically to minimize the need for operation of 
the diesel set (eg fridges are placed on circuits which 
can be interrupted for short pe r i ods ) .

1 0
 As compared 

with the previous diesel-only operat ion, large sav-
ings, together with improved quantity and quality of 
supply, have been obtained. Other applications 
make use of small hydro schemes to provide a 
degree of storage and control, further reducing 
operation of the diesel set. 

On larger diesel systems, the operation and role of 
renewable sources begins to have more in common 
with that of large power systems. Some diesel sets 
are always running, and the system operators need 
to adjust their scheduling to take account of addi-
tional variations imposed by the renewable input. 
Good control can again yield considerable savings,

11 

but the high variability of wind input, for example, 
combined with the poor operating characteristics of 
diesel sets means that the renewable contribution 
may be severely limited if large operating penalties 
are to be avoided. 

Successful applications of renewables for isolated 
and small-scale supplies can undoubtedly be of great 
value to those who benefit directly from them, and 
they offer a market which is very significant for the 
renewable energy industries. PV, indeed, has largely 
developed because of such 'niche' markets , and the 
frontiers of such markets are steadily expanding. But 
in terms of global electricity supplies, and their 
economic and environmental impact, such applica-
tions are likely to remain marginal compared with 
the energy provided through large-scale power sys-
tems. 

One way in which renewable electricity sources 
could in principle make a large global contribution 
would be if they could find a way into the transport 
market . Producing hydrogen from PV in desert 
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1 3 7 

areas has been proposed as one of the most promis-
ing ways of displacing oil in t ransport , with long-run 
costs estimated at $1.70 to $2.40/gallon of gasoline 
equiva len t .

1 2
 An alternative transport application 

might be to use stand-alone renewable (probably 
PV) units at car parks, homes, garages or automated 
roadside filling points, to charge batteries for electric 
cars or perhaps to generate hydrogen for hydrogen 
vehicles. This would bear closer analysis as one of 
the long-term options for moving away from gaso-
line, but is highly speculative and clearly faces 
important economic and infrastructural hurdles. 

With this exception, renewable electricity sources 
can only make a major contribution to resolving 
energy dilemmas if they can compete when inte-
grated into large power systems. The rest of this 
paper focuses upon the issues this raises. 

System operation and the role of different 
plant types 

Electric power systems comprise a wide variety of 
generating plant types. One key distinguishing fea-
ture is the ratio of capital costs to operating costs. 
For meeting peak loads, plants which are cheap to 
build but relatively expensive to run are most suit-
able, because they are not required to run very 
often. For meet ing baseload d e m a n d , capital-
intensive plants with much lower operating costs are 
more appropriate . In practice, the great majority of 
investment in power systems have been associated 
with plants for baseload operat ion. 

Only one generalization appears to apply to 
almost all renewable electricity sources, and that is 
that they are capital intensive, with relatively low 
operating costs. Even for biomass plantations, the 
major costs could be associated with establishing the 
plantation, and investment in the machinery to 
harvest and utilize the product . Perhaps the only 
exception is that of waste utilization, where most of 
the costs may be associated with gathering and 
sorting the waste, as opposed to leaving it uncol-
lected. With this exception, all renewable sources 
are best suited for meeting baseload demands. 

Most, however, differ from fossil-fuel and nuclear 
baseload plants in important ways. Such convention-
al thermal power stations are capacity limited, with 
the output limited by the rated capacity of the plant. 
These contrast with energy limited plants, which are 
unable to generate permanently at the maximum 
capacity because the total energy available is li-
mited. Hydropower stations are the classic example; 
many biomass systems, particularly those based on 
agricultural wastes or dedicated plantations, would 
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Figure 1. The load duration curve and merit order. 

Source: R. Turvey and D. Anderson, Electricity Economics, Johns Hopkins, Balti-
more, MD, USA, 1977. 

also be of this type. Electricity storage is a special 
case of energy limited plants, in which the energy is 
derived from conventional baseload power stations 
at times of low demand. Variable power sources, in 
which the output is determined directly by variations 
in the energy input, form a third distinct class. 

At present, many power stations are composed 
almost entirely of capacity-limited plants. If the 
compl ica t ions in t roduced by the second-o rde r 
effects of system dynamics (eg plant startups and 
shutdowns, operating reserve, etc) are neglected, 
such plants can be stacked in a simple 'merit order ' 
of operation, in which those with the lowest operat-
ing costs are used as much as possible, with those of 
higher operating costs brought on-line progressively 
as the capacity of cheaper plants is exceeded. This 
defines the merit order , which runs from baseload 
plants through to peaking plants. 

The key characteristics of the demand and gener-
ating costs can then be usefully represented in terms 
of the load duration curve (Figure 1), which illus-
trates the duration for which the load exceeds a 
given level. With power (load) on one axis and 
duration on the other, the product, and hence the 
area under the curve, represents the total energy 
supplied within the time period under consideration. 
Going up the y-axis represents steadily declining 
durations of supply, so that plants can simply be 
stacked in merit order under the load duration curve 
to estimate the energy supplied by each, and hence 
the operating costs. 

Energy limited plants introduce significant com-

plications. Although hydro stations may operate 
more cheaply than any other plant on the system, 
there is usually not enough energy available for them 
to be run at full capacity all the time. Operat ing at a 
constant but reduced output does not make full use 
of the capacity, which can be used preferentially to 
displace more expensive fuels. In fact it is readily 
apparent that the best use of energy from hydro or 
other limited energy plants is to operate them at full 
power whenever the marginal fuel cost on the system 
exceeds a given level - with that level determined by 
the amount of energy available. In other words, the 
greatest value is generally obtained by inserting 
energy limited plants at a fixed point in the merit 
order of capacity-constrained plants, such that all 
the energy available is used at or near the full plant 
capacity (Figure 2). 

Uncertainties in the amount of energy available 
and in electricity demand over a given period, 
combined with various aspects of system dynamics 
(eg the additional value of hydro plants for providing 
short-term operating reserve - an issue discussed 
later) complicate this picture, but the principle re-
mains valid. As a result, energy from energy limited 
plants is more valuable than that from other base-
load plants, because of the additional value derived 
from the flexibility in deciding how the additional 
capacity is used. Fuller discussions of the manage-
ment and economics of hydropower are given 
e l sewhere .

1 3 

As well as hydro, this would apply to biomass-
electricity plants. The significance of this factor 

1 3 8 
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Load durat ion curve 

Merit order 

Load duration 

Figure 2. Operating strategy for energy limited plants. 

Note: The plants are inserted in the merit order of thermal 
operation so that all the energy E2) can be delivered at the 
full plant capacity (Kx, K2), excepting any spare reserved for 
system regulation. In this idealized example the second energy 
limited plant has a high ratio of capacity to energy: it displaces 
mosly peaking fuels, and makes a relatively large contribution to 
system reliability. 

depends upon the incremental costs of adding extra 
generating capacity to the energy limited plant rela-
tive to those of increasing the total amount of energy 
available (discussed below in considering different 
combinations of renewables) , the structure of the 
rest of the system, and the pat tern of electricity 
demand. In general energy limited plants become 
relatively more valuable for systems which have a 
wide range of thermal plant generating costs, and a 

demand which varies widely in the period covered. 
The same remarks apply to electricity storage plants, 
which with minor modifications can be considered as 
energy limited plants with an 'optimal ' energy con-
tent determined by system conditions (ie, by com-
paring the cost of using the marginal baseload plant 
to charge the store (usually overnight) against the 
value of generation the next day, after allowing for 
the losses in the conversion process). 

Variable power sources form the third distinct 
class of plants. Almost without exception, their 
operating costs are lower than those of any thermal 
plants on the system. Hence , their power would as 
far as possible be used whenever available, to reduce 
the fuel-use in fossil-fuel plants: like nuclear power, 
variable sources would operate at the ' top ' of the 
merit order. 

In these conditions they reduce the demand upon 
thermal units in the system, and indeed it is usually 
simplest to think of variable sources as a negative 
load. Since load can vary by nearly a factor of two in 
its daily cycle, and cannot always be accurately 
predicted, the variable and perhaps unpredictable 
nature of such sources does not pose any radically 
new problems for power system operat ion. Figure 3, 
which shows the output which would have been 
expected from very large capacities of wind and tidal 
energy alongside the Central Electricity Generat ing 
Board ( C E G B ) demand over the same period, 
serves to emphasize that source variability needs to 
be considered in the context of the varying demand 
which it helps to meet . Dispersed wind varies less 
rapidly than demand, tidal more rapidly. Figure 4 
shows the net effect of subtracting both these series 

ο CEGB electricity demand. 
• Simulated output f rom 25GW wind power on 

Brit ish mainland. 
Δ Simulated tidal power output , Severn, Morcambe, 

Solway and Mersey barrages. 

Figure 3 . Electricity demand and potential output from wind and tidal 
sources in Britain (January 1978 data). 
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Figure 4. Residual demand to be met by thermal system after including wind 
and tidal sources in Britain (January 1978 data). 

from the demand, leaving a much reduced net load 
to be met by the thermal plants. 

The important question is: how do these varia-
tions affect the economic value of variable sources? 
To address this it is useful to start by disposing of 
two myths: first, that variable sources are best suited 
to small-scale or isolated electricity supply; and, 
second, that electricity storage is needed to exploit 
them to any substantial degree. 

From a technical viewpoint, variable sources are 
far better suited to large power systems than to 
localized supplies. On small systems, just one or a 
few units, clustered on one site, may generate a 
substantial fraction of the total energy. The output 
may then be very variable, sometimes fluctuating 
widely within a few minutes. As noted above, the 
rest of the system might well amount to just a few 
diesel stations, which then may have to alter their 
output rapidly to follow the changes, with individual 
units repeatedly shut down and restarted, wasting 
fuel and increasing maintenance requirements . 

By contrast, a large system can often take advan-
tage of natural diversity in variable sources. Signifi-
cant capacities of wind energy, for example, would 
involve many wind turbines, spread out between 
different sites, and this would smooth the overall 
output greatly. The variability is reduced, predicta-
bility increased, and overall distribution becomes 
much more favourable with far fewer occasions of 
near zero or peak output . Appendix 1 discusses how 
these effects may be roughly quantified, and illus-
trates this with examples of wind energy in Britain. 
Diversity would not of course remove diurnal varia-

tions in PV output , but it would still help to smooth 
more rapid weather-related variations. 

Fur thermore , there is much more natural reserve 
on large systems, with many thermal generating 
units connected at any one time. Such systems will 
mostly also have some units - hydropower or gas 
turbines - which can respond very rapidly to chang-
ing conditions. So all round, the problems of inte-
grating variable sources are much reduced when the 
are connected to large power systems. 

Bulk storage becomes far less important for much 
the same reasons. Since the fluctuations of variable 
sources combine with those of the electricity de-
mand, storage can only usefully be considered in 
relation to the whole of the power system. Storage is 
valuable if it can often be charged using cheap 
energy (eg at times of low demand or high output 
from variable baseload sources) and discharged to 
save expensive fuel (eg at times of high demand and 
low output from the variable sources). But if vari-
able sources are well diversified on a large system, 
they may not greatly increase the frequency of such 
opportunit ies unless the capacities are very high. 
Except in such cases, additional storage is unlikely to 
be very important; backup may be required, but as 
discussed in the next section there are many other 
options for providing this. 

This is just as well. Large-scale electricity storage 
- usually in the form of water pumped up and down 
a mountain - is expensive, and about 20% of the 
energy may be lost in passing through the store, due 
to inefficiencies in charging/pumping and generat-
ing. On small systems the high cost of alternative 
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fuels (and hence potential savings) may make such 
costs and losses justifiable. On large power systems, 
with much lower generating costs, renewable 
sources would be virtually ruled out if extensive 
storage really were an essential component . Of 
course, increasing capacities of variable sources may 
increase the value of storage, and vice versa, but 
storage is in no sense a central element . Since it 
greatly complicates the analysis and behaviour of the 
power system and this obscures the main issues, 
most of this paper will make the conservative 
assumption that storage is too expensive to be of 
relevance in assessing the large-scale integration of 
variable sources. 

This poses an immediate question to many obser-
vers. If variable sources are not combined with 
storage, they cannot be relied upon to generate 
power at times of high demand, when it is most 
needed. Other backup is apparently required. 
Doesn ' t this itself impose a serious penalty? 

The capacity question 

Some renewable sources can reliably produce power 
at times of peak electricity demand. In addition to 
energy limited plants, which can be scheduled to 
generate maximum power at such times, the classic 
example is that of solar electricity on systems which 
have peak demand driven by air conditioning loads, 
which are greatest when the sun is bright. In a few 
areas, the strongest winds are driven by local, solar-
induced thermal gradients and happen to coincide 
with a solar-driven peak demand. When such strong 
and dependable correlations occur, it is clearly very 
convenient, and adds somewhat to the real value of 
the source to the system. But such correlations can 
rarely be relied upon. As noted above, the Luz 
thermal systems achieve the same result by use of a 
cheap gas backup; but such opportunit ies are again 
limited. 

In most cases variable sources are not necessarily 
available for demand peaks. In some tempera te 
countries (eg the UK) there has been some debate 
over correlations between wind and electricity de-
mand. There certainly can be some correlation -
winds increase the thermal loss from buildings, for 
example - but there are many other factors. High 
demand can also coincide with periods of very cold, 
clear calms. Surprisingly, it is still not possible to be 
sure of the overall relationship at peak demands: 
statistical evidence from 10 year's data in Britain is 
still ambiguous .

1 4
 Though there is a substantial 

seasonal correlation, wind energy in winter in Britain 
is very weakly correlated with demand . Other 
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sources, such as wave and tidal energy, also have low 
correlation with peak demand during the peak sea-
son. 

Never the less , such sources can save thermal 
capacity. Since no generating station is completely 
reliable, there is always a finite risk of not having 
enough capacity available. To keep this risk low, a 
large margin of plant capacity over maximum ex-
pected demand, typically 20-30% excess capacity, 
must be maintained. Variable sources may be avail-
able at the critical moment when demand is high and 
many other units have failed, so they reduce the 
overall risk of failure and allow the thermal plant 
margin to be reduced. In fact it can be shown that 
when the capacity of any independent source is small 
relative to the rest of the system (low system 
penetra t ion) , its 'capacity value' is independent of its 
actual reliability, and equals that of a completely 
reliable plant generating the same average power at 
times when the system could be at risk. One proof of 
this result is given in Appendix 2. 

As the capacity of any variable source rises, it 
becomes progressively less valuable for saving ther-
mal capacity, because there are times with little or 
no output however large the capacity. The savings, 
however, can in total be considerable. Figure 5 
shows the approximate savings in thermal capacity 
which dispersed wind energy in England and Wales 
might allow as the wind capacity rises. Wind energy 
contributes as much as other sources, relative to the 
mean power, for the first few thousand M W , but 
falls off thereafter. At maximum, about 5.5GW of 
thermal capacity might be saved (about 10% of the 
total thermal capacity). This still implies a margin of 
thermal plant capacity over peak demand, but the 
degree of excess would be reduced to 10-15%. 

The relatively high capacity value reflects in part 
the benefits of the large diversity available, which 
makes periods without any wind at all in winter quite 
rare ; results for the Netherlands show a prop-
ortionately somewhat smaller capacity credit (differ-
ing methodologies and wind turbine and resource 
characteristics may also con t r ibu te ) .

1 5 

Suitable combinations of renewable sources may 
yield greater thermal capacity savings. When two 
variable sources vary independently, their capacity 
contribution may also be largely independent , and 
additive. A still greater effect is obtained if different 
variable sources are directly complementary, for 
example, solar and wind energy are frequently, 
because strong winds tend to be associated with 
overcast conditions. In thermally-driven wind regim-
es, the strongest winds may also occur towards or 
after sunset. Indeed in some areas of California it 
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Wind capacity (GW) 

Figure 5. Thermal capacity displacement with increasing 
system penetration, illustrative estimate of wind energy in 
Britain. 

has been realized that winds pick up as the sun is 
going down, and that the combination of wind and 
solar provides a fairly reliable input across the 
period of high demand, which spans from the early 
afternoon to early evening. 

However, despite the concern and interest which 
such issues and opportunities raise, capacity credit is 
usually of much less economic importance to the 
system than many assume. The value of capacity 
credit itself is the marginal cost of ensuring that the 
available capacity is sufficient to meet demand in 
peak periods. Some systems may already have sub-
stantial capacities of old, inefficient plants on the 
system, and keeping them serviceable for peak de-
mands instead of retiring them may be a cheap way 
of ensuring adequate capacity. Many industrial us-
ers, especially, have their own backup capacity, 
which could provide cheap emergency capacity if it 
could be tapped. This might be a special example of 
ways in which more sophisticated load management 
of various forms, could also help to reduce the costs 
associated with peak demands. 

Even without such options, the marginal costs of 
adding 'firm capacity' for meeting peak loads is 
modest. Industrial gas turbines can provide capacity 
at one-third to one-fifth the cost of most baseload 
plants. Such units can be expensive to run (though 
with the advent of modern gas turbine cycles this is 
less true than it used to be) , but by definition 
peaking plants are only used occasionally so matter 
little. Even if there were no capacity credit for 
variable sources, building gas turbines for backup 
would generally add less than 20% to the estimated 
complete capital costs of wind ene rgy .

1 6
 The in-

cremental costs of adding capacity to limited energy 
plants - increasing the rating of hydro turbines, or 
the capacity of generating sets for advanced biomass 
systems for example - may be even less. 

The marginal cost of increasing capacity, thus, 
need not be high and the real long-run value of 
capacity credit alone is correspondingly low; while it 
would be an exaggeration to describe capacity con-
cerns as a non-issue their economic importance has 
certainly been greatly exaggerated. Variable sources 
are valuable primarily because of their fuel savings 
and - like all other baseload plants - cannot be 
justified primarily in terms of capacity needs. 

This is a rather theoretical viewpoint and simpli-
fies the interaction between capital and operating 
costs over t ime. In practice, the complex and inter-
dependent statistical nature of capacity issues, and 
the range of options which need to be considered for 
long-run optimization, is hard to reflect in simplified 
pricing policies, particularly when utilities buy pow-
er produced independently. Utilities generally do 
not perform detailed statistical analysis and opti-
mization of system reliability, incorporating all the 
long-run options, in estimating 'capacity payments ' . 
The short-run value of being able to ensure a reliable 
system is very high, and few utilities at tempt to 
evaluate directly the real capacity contributions from 
individual variable sources deployed in different 
regions. Frequently, an inflated capacity value is 
assigned to producers which can guarantee power at 
times of peak demand, and none at all is given to 
sources which fall below a certain threshold of 
reliability. Such simplifications discriminate against 
indepedently-managed variable sources. 

At higher penetrat ions variable sources may not 
save capacity, but they can still reduce capital ex-
penditures in other , perhaps more important ways. 
By reducing the time for which many thermal plants 
would opera te , they make capital intensive plants 
(such as nuclear power) less attractive relative to 
those with low capital cost but higher fuel costs (such 
as gas turbines). Hence , the optimal plant mix for 
planning would alter towards lower capital expendi-
ture on other plants. Since changing the thermal 
capacity mix alters the operating costs, these issues 
become inseparable from the broader questions of 
fuel savings. To these we now turn, before returning 
to a broader overview of the economics of variable 
power sources at high system penetrat ions. 

Fuel saving: determining factors 

The i d e a l ' fuel savings from a variable source are 
those which would be obtained by considering only 
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Figure 6. Load duration curve illustration of ideal fuel savings. 

Key: + Original load (1971-78 CEGB data). 
x Net load after subtracting output of wind capacity used for Figure 1. 
* Net load after subtracting output of wind and tidal capacity used for Figure 1. 

Duration 

the reduced operating time required of thermal units 
after subtracting the variable input from the original 
demand. The actual fuel savings may differ from the 
ideal savings due to various operating considera-
tions, as discussed later. 

The ideal fuel savings can be estimated from the 
simple load duration curve representation of the 
merit order operat ion of the thermal power system, 
as illustrated in Figure 1. At low penetrat ions, the 
variable input simply 'shaves the edge ' off the dura-
tion curve. It can then be seen - and proved 
mathemat ical ly

17
 - that the fuel savings are not 

affected by short-term variability and equal that 
from a perfectly reliable source with the same sea-
sonal pattern of energy output . The extent to which 
this holds at high penetrat ions depends upon the 
detailed characteristics of the output , demand, and 
thermal plant profile, but again the duration curve 
gives a useful representat ion. To illustrate character-
istics at very high penetrat ions, Figure 6 shows the 
load duration curve corresponding to electricity de-
mand in England and Wales over 1971-78 (a period 
of relatively constant total demand) , and the 'net ' 
load duration curves after subtracting the output 
from a notional 25GW of wind energy, and from 
several large tidal schemes as used for Figure 3. The 
difference between the original curve and the net 
curves illustrates the ideal fuel savings. Their extent 
is readily apparen t ; the available wind energy 
amounts to around 30% of the total demand and 
tidal adds another 13% or so. 

In this illustration, the peak of the duration curve 
is not much lower, for there are occasions when 
demand is high and there is little wind or tidal input. 
But such occasions are rare so the peak is much 
sharper and the use of peaking fuels is greatly 
reduced. At the opposite extreme, the duration 

curve does go into negative values, reflecting times 
when the available wind plus tidal power exceeds 
demand; power would then have to be shed from the 
wind turbines or tidal schemes. But although the 
total capacity of variable sources in this illustration 
greatly exceeds the minimum demand, such occa-
sions are so rare as to be economically almost 
irrelevant. More significant in this illustration would 
be the reduced value of savings when the variable 
input competed with nuclear operat ion. Neverthe-
less, if the ideal fuel savings are the only issue to be 
considered, clearly very large capacities can be use-
fully accommodated. 

There are , however, many complexities to be 
considered. Operat ing penalties can be usefully di-
vided into three main components : 

# cycling losses, due to the increased start-up and 
shut-down of thermal plants, and other short-
term changes in their output ; 

# reserve costs, arising from the need to ensure that 
the system can respond adequately to unpredicted 
changes; and, 

# discarded energy, when the available variable 
input exceeds the amount which can be safely 
absorbed while maintaining adequate reserve and 
dynamic control of the system. 

Modern thermal power stations are complex high-
precision machines, designed for continuous opera-
tion at their rated capacity. It can take many hours, 
and cost a great deal, to start them up - perhaps 
£50 000 to start a modern , 1 000 M W coal station 
from cold, if estimates of associated wear and tear 
are inc luded .

1 8
 Any power source which greatly 

increased the need for plant starts would rapidly 
make itself uneconomic. 

However , as emphasized above, variations need 
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Table 1. Variability coefficients of demand and variable power sources. 

Series Variability coefficient 
(MW/day/MW mean power) 

Electricity demand 0.5 
Wind energy (in one major region) 1.8 
Wind energy (dispersed over England and Wales) 1.3 
Tidal energy (single ebb-generation scheme)

3
 6.3 

Wave energy (1 site data - South Uist)
b
 0.8 

Solar energy
0
 3.0 

Notes: Values estimated from hourly data, except wave (six-hourly data) and solar 
(estimated on basis of load factor, assuming single daily cycle). Variability of tidal 
energy might be greatly reduced if several complementary schemes could be 
combined. Reflects large scheme, with relatively low capacity rating.

 c
Solar and load 

variations tend to be closely related, so that simple comparisons assuming rough indep-
endence may be invalid. 

to be considered in the context of continually 
varying demand. As illustrated in Figure 3, dis-
persed wind energy may vary less rapidly than 
demand itself. Relative to the mean power, solar 
energy may vary somewhat more rapidly, and tidal 
energy more so. In general, cycling costs may be 
roughly proportional to the 'average variability' of 
the load on thermal plants in a given period - which 
is the average rate of change (eg in MW/hour) in the 
load (in either direction). A rough estimate of the 
potential impacts can be gained by noting that when 
variations in the source and demand occur roughly 
independently, the total resulting variation in the net 
load to be met by thermal plants is approximately a 
'sum-of-squares' addition of the components - in a 
simplified fo rm:

1 9 

(total variability of load on thermal uni ts )
2 

= (total variability of electricity d e m a n d )
2 

+ (total variability of variable source)
2 

This has several implications. The marginal impact 
of fluctuations in variable sources at low penetra-
tions is zero - they are lost as noise among demand 
fluctuations. More generally, the impact can be 
gauged by comparing the average variability of 
demand and different variable sources. Table 1 
shows the variability coefficient (average variability 
relative to the mean power) for a number of variable 
sources in the UK. Dispersed wind energy in Eng-
land and Wales, for example, has an average 
variability of around 1.3 GW/day per G W of wind 
capacity, compared with mean load variation of up 
to 15 GW/day. Clearly, very large amounts indeed 
would have to be installed before fluctuations from 
wind energy became comparable with those already 
met in the daily demand cycle. 

Tidal power appears to be the only source which is 
likely to incur substantial start-up penalties when 
deployed on large systems. For the UK's Severn 

Barrage, which could supply 5 -6% of demand with 
an average 5.5GW cycle every 12.5 hours, this 
simplified statistical t reatment suggests penalties of 
around 7% of the ' ideal ' fuels savings, which accords 
well with more detailed simulation model estimates 
of 6-10% performed for government studies of the 
s c h e m e .

2 0
 Because the diurnal variation of solar 

energy often parallels that of load, such simplified 
approaches cannot be used; indeed, solar energy 
may reduce cycling penalties. 

A related concern is that variable sources could 
increase the maximum rate of change in output 
required of thermal units. This is primarily an issue 
of ensuring sufficiently sophisticated system control 
and the economic penalties involved are likely to be 
negligible.

21 

The problems arising from the possible unpredic-
tability of variable sources are usually considered to 
be more significant. In general , 'operating reserve' 
must be provided to protect the system against such 
uncertainties. Reserve assessment is complicated 
because there are many different timescales over 
which reserve is required, and many different 
sources of i t .

2 2
 They divide into inherent reserve, 

which exist simply because of the nature of the 
system, and active reserve, which must be provided, 
at a certain cost. 

Sources of inherent reserve include: the inertia in 
the rotating turbines and boiler units; pumped stor-
age and hydro units, which can change their output , 
and often start-up, very rapidly; gas turbines, which 
can start up from cold within 5 to 15 minutes; and 
the running of thermal units above design capacity, 
which is quite feasible, but increases losses and 
stresses. Load management and voltage reductions 
are further options, of increasing severity. Sources 
of active reserve include: spinning reserve (the spare 
capacity on thermal units which are running at 
reduced output ) ; and pre-scheduled or 'banked ' 
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plant, ie plant kept on hot standby just in case they 
are required. Providing such active reserve can incur 
significant holding costs, in terms of wasted fuel and 
the reduced efficiency of part load operation for 
many thermal units. However , in total there is such a 
wide variety of reserve options that modern power 
systems rarely fail completely, unless the network 
itself is severely disrupted. 

Two fundamental points govern the impact of 
unpredictable variable sources on reserve require-
ments and costs. First, since the variable sources are 
connected to an integrated system, operating reserve 
should be allocated to the system as a whole, not to 
back up any particular source. Second, excepting 
protection against sudden losses (such as the failure 
of a major plant or single infeed), the costs of 
providing active reserve must be t raded off against 
those of having to use one of the various forms of 
i nhe ren t ' reserve, when the actual prediction error 
exceeds the active reserve held for that timescale. 

In other words, beyond a minimum security level 
determined by the need for very short-term protec-
tion against loss of the largest single infeed to the 
system, active reserve levels are based on an econo-
mic trade-off, not an absolute security requirement -
and reserve costs are determined primarily by the 
ave rage

2 3
 errors involved in predicting the demand 

upon the thermal part of the system. When errors in 
predicting the output from variable sources occur 
independently of those in predicting demand, which 
is usually a good approximation, the combined error 
is again a sum-of-squares add i t ion :

2 4 

(average error in predicting net load on thermal 
uni ts)

2 

= (average error in predicting electricity d e m a n d )
2 

+ (average error in predicting variable inpu t )
2 

Thus again, for small capacities of variable sources, 
the prediction errors are lost among load fluctua-
tions, with no associated penalty, and models which 
optimize system reserve levels confirm t h i s .

2 5
 Never-

theless, since demand is fairly predictable, forecast-
ing errors could come to dominate reserve require-
ments at capacities above 5-10% or so of the ther-
mal capacity if prediction is poor. However , as long 
as all the energy could be safely absorbed, the 
economic impact would still be modest , with reserve 
penalties alone rarely exceeding 5 % of the fuel 
savings .

26 

As the capacity of variable sources increases on a 
system, various cost penalties may rise other than 
those considered earlier. Prominent among these is 
the fact that there might be occasions when the 
available power cannot be used. This is not simply a 
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matter of the available energy exceeding demand; it 
would occur well before this stage was reached, 
because power systems would need to keep a mini-
mum level of thermal plant generating to maintain 
adequate operating reserve and system control capa-
bilities. 

This need not in itself pose any fundamental 
problems for the integration of variable sources. It is 
always possible to 'discard' energy by shutting down 
some of the variable generators , for example by 
furling the blades on wind turbines. It does, howev-
er, result in an economic penalty which becomes 
increasingly important as the capacity rises further. 
The 'minimum thermal level' would be determined 
by many factors, including the predictability of load 
and variable sources, and the part-load level of the 
thermal plants. In this context, it is important to 
note that the ability to part load baseload plants 
(even nuclear) would be very important at high 
penetrat ions of variable sources, a sensitivity 
brought out by modelling s tud ies .

2 7 

Such analysis presents a very encouraging picture 
of the value of variable sources. At small penetra-
tions, their energy is usually as valuable as that from 
conventional power sources with the same seasonal 
pat tern of output . For applications in which the 
seasonal variation follows that of demand, the value 
may thus be greater than that of conventional 
sources - though this must be compared against the 
ability to schedule maintenance on conventional 
sources to follow seasonable load variations, and to 
maximize availability during peak demand periods. 
With increasing capacities, the marginal value falls -
as capacity credits decline, as the variations and 
prediction errors become significant in relation to 
those of the demand, and as occasions when the 
energy cannot safely be accepted become significant. 
But overall, it appears that large capacities can be 
accommodated without major losses. 

By way of illustration, the results of modelling 
studies which at tempted to optimize system opera-
tion, with the current thermal generating structure 
but incorporating large capacities of dispersed wind 
energy in Britain are illustrated in Figure 7 .

2 8
 These 

suggest that over a third of the energy might be 
obtained from wind energy before the marginal 
value of the fuel savings declines by over 2 5 % . A 
study using the same model which also at tempted 
long-term optimization of the plant mix suggested 
that even higher wind capacities could be economic 
under some circumstances, resources a l lowing.

29 

Clearly, such capacities could not be considered 
for many decades, if ever; the principal conclusion 
from such results is that system constraints are 
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Figure 7. Measures of wind energy fuel savings at increas-
ing penetrations into large power system including oper-
ational penalties (thermal capacity is 60GW). 

unlikely to be the factor which limits the role of wind 
energy, at least. Other renewables, and the possible 
gains from combining them, are considered below. 

There are still a range of results and differing 
views concerning the value of variable sources at 
high-system penetrat ions. A broad review and criti-
que of modelling studies has been given e l sewhere .

3 0 

It should also be stressed that results discussed here 
assume the system operation to be fully integrated, 
with the various components well coordinated. This 
may require control procedures to be adapted, and 
institutionally may not be easy to achieve. For 
example, Sola and Sioshansi

31
 report that variable 

power has been a 'logistical headache ' for the Pacific 
Gas and Electric utility becaue the input 'does not 
necessarily match the utility's system requirements . ' 
One reason for this is that the Californian windfarms 
are all owned by independent power producers, 
selling output to the grid. The utility has little 
information on when to expect power and no control 
over it. Even so, it is not clear that the current 
experience constitutes any kind of significant econo-
mic penalty or security risk to the whole system, but 
more of an inconvenience for operators , who need 
to adapt traditional control procedures to the new 
conditions. There is, however, no doubt that if much 
more wind energy is deployed in California, the 
utility will have to have more information and 
control over night-time power production, and the 
experience could provide useful experience of the 
practical issues involved in integrating variable 
sources. 

Interfacing, transmission, and 
interconnection 

The discussion has not so far addressed issues of 
local connection and transmission. Because most 
renewable sources generate in much smaller units 
than conventional power stations, they would be 
connected at lower voltages (Table 2). To the extent 
that the power could be used directly on the local 
low-voltage system, this would reduce transformer 
and transmission losses as compared with conven-
tional stations, but set against this, voltage fluctua-
tions and other transient phenomena could be prop-
agated throughout the low-voltage network. The 
engineering requirements for maintaining adequate 
local quality of supply, fault recovery, etc, is a 

Table 2. Connection voltages for given power levels (UK standard 
voltages). 

Power level 
(MW) 

100-700 
10-50 
0.5-20 
0.3-1.0 

Voltage 
(kV) 

132 
33 
11 
0.415 

Source: 'Integration of renewable energy sources in electrical 
power systems', Watt Committee Report on Renewable Energy 
Sources, Watt Committee, London, UK, 1990. 
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subject in itself, and particularly if variable sources 
use induction generators this will often require addi-
tional investment, for example in local capacitors 
and re l ays .

3 2
 While these issues are crucial in en-

gineering terms, adequate protection generally adds 
on a per cent or two to the capital costs of a source 
like wind energy, and together with the local trans-
mission connection and interface itself is usually 
considered as part of the overall installation pack-
age. 

Different t ransmission and transient stability 
issues would be raised by very high capacities of 
variable sources. A strong integrated transmission 
system would be required to take full advantage of 
diversity in renewable sources and to allow stable 
operation with just a few thermal stations connected 
for providing bulk operating reserve. Such bulk 
transmission costs are not generally allocated to 
particular plants, and would depend heavily on the 
particular circumstances and power flows in ques-
tion, but obviously in principle they should be 
accounted for. 

Analysis is complicated by innumerable factors. 
The need for new transmission capacity will depend 
upon how a new source and line affects the contin-
gency analysis for the system (ie protection against 
line and plant failure). The costs depend upon 
whether existing lines can be upgraded, or new lines 
are required. Traded off against the costs are the 
benefits arising from reduced losses in lines of 
greater capacity, and greater flexibility in operating 
other plant. There can be further complications in 
relation to variable sources: experience in Califor-
nia, for example, has demonstra ted the significance 
of the wind in cooling transmission lines, so that the 
effective carrying capacity increases along with the 
wind power output . 

Thorough analysis of transmission issues for 
general planning applications is probably impossi-
ble, but rough estimates can be made . Even in the 
U S A , with relatively low demand density in some 
regions because of low population density, transmis-
sion is typically valued at no more than 10% of 
generation asse t s ;

3 3
 estimates of the grid assets in 

England and Wales suggest similar or lower propor-
tions for this (much denser) system. A crude analysis 
for wind energy suggested that the costs and losses of 
ensuring adequate transmission would be minor in 
relation to the benefits of greater wind diversity 
(including Sco t land) .

3 4 

For sources which are much more concentrated in 
relation to the system, such conclusions may not 
apply. One such case is probably the Severn Bar-
rage, for which analysis suggests significant grid 
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reinforcement costs. Also, more serious transmis-
sion costs and losses would be incurred for tapping 
renewable sources which are remote from the main 
demand centres. 

The penalties of distance for transmitting electric-
ity increase faster than for fossil energy transport. 
Large transfers over more than a few hundred 
kilometres begin to involve considerable costs and 
(more importantly) dissipative losses, though these 
are not necessarily prohibitive; there have been 
serious proposals, for example, for tapping offshore 
wave energy and Icelandic geothermal electricity via 
subsea cables to the UK. But bulk transmission over 
much more than a thousand kilometres appears most 
unpromising. For these reasons, many have sug-
gested that very long distance transport would in-
volve conversion to hydrogen which would then be 
pumped through pipes, as discussed in a companion 
paper by Winter in this se r ies .

3 5 

Such cases excepted, this discussion suggests that 
despite the range of possible effects at higher-system 
penetrat ions, in most cases the major system con-
straint on the power which can be usefully accepted 
from variable sources will be the provision of adequ-
ate bulk spinning reserve. This conclusion is rein-
forced by the inevitably increasing use of automated 
generat ion, load and voltage stability controls. If this 
is correct, assessing the overall value of variable 
sources becomes amenable to generation modelling 
analysis up to very high penetrat ions, suggesting that 
modelling results such as those summarized earlier, 
for all their simplifications, do capture the key 
economic issues. 

Combining different renewable sources 

As the capacity of any given source increases, its 
marginal value declines, primarily because succes-
sive increments of capacity are correlated with those 
already on the system. How might different com-
binations of renewable sources affect the situation? 

When sources are directly complementary, there 
are potential large benefits. Examples of wind and 
solar energy have been noted earlier with reference 
to capacity credits; thermally-driven winds may be 
strongest after sunset, so that the combination use-
fully covers periods of high demand. In many 
tempera te regions, there may be more general sea-
sonal and short-term complementari ty. 

Even for sources which are not directly com-
plementary, simple statistical independence makes 
different variable sources more valuable than just 
more of the same. An illustration of this was given 
by studies of wind and tidal sources on the British 
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There are various limits on this. For hydro sta-
tions, the ability to increase generating capacity may 
be distinctly limited by the engineering constraints 
(eg the physical space available in the dam and/or 
cavitation on the turbine blades at high flow rates), 
and by the ecological consequences of greater varia-
tion in downstream flow rates. For biomass plants, 
such problems would not arise, but the incremental 
costs of increasing generating capacity, and perhaps 
the storage capacity for dry biomass (which is a 
relatively bulky fuel), may be rather higher. As yet it 
is not possible to judge how large the scope will be 
and, as with many issues surrounding renewable 
sources, it would vary considerably according to 
system and resource conditions. But the potential 
synergisms between different renewable sources are 
clearly much too important to ignore, and they may 
often make the combined potential larger than the 
sum of parts considered in isolation. 

Long-term trends and capabilities of supply 
systems 

How might likely long-term developments in power 
systems affect the integration of variable sources? 
One of the most significant factors has been identi-
fied as the operational flexibility of thermal baseload 
plants, and in particular the ability to part-load them 
to provide operating reserve. Most large baseload 
units, nuclear and thermal , can be run stably down 
to at least 50% capacity. Below this, a range of 
problems emerge. To date , there has been little 
incentive to part-load new baseload plants to any 
greater degree, because they are intended to run at 
full capacity; but when it has been required, it has 
generally proved possible to operate plants down to 
30-40% of capaci ty ,

3 8
 and studies suggest that lower 

levels still could be achieved, at relatively low cost, 
with suitable modification in des ign .

3 9
 Minor mod-

ifications can also improve responses in terms of the 
rate of change of output , frequency response etc, but 
the inertia and sensitivity of highly-tuned steam 
turbine systems inevitably sets limits on such flexibil-
ity. 

The current trend towards smaller generating 
units based on gas turbine technology raises further 
opportunit ies. Gas turbines are operationally more 
flexible and less capital intensive that traditional 
baseload plants. Both features are favourable to the 
integration of variable sources. The performance of 
combined-cycle plants is still partly constrained by 
that of the steam turbine cycle. But advanced steam-
injected gas turbines, based on aero-derivative en-
gines rather than industrial turbines, may offer com-

148 

supply sys tem.
3 6
 One feature which emerged from 

the investigations was that , when the thermal system 
was allowed to reach a long-term optimal mix with 
tidal power, the marginal value of wind energy at 
low to intermediate penetrations was increased. This 
initially surprising result occurs because the system 
adapts to incorporate the tidal power by increasing 
the ratio of peaking plant to baseload, both because 
of the changes in the load duration profile and 
because of the more flexible operational characteris-
tics of the peaking plant. The marginal fuel cost on 
the system is therefore increased, and it is this which 
initially determines the value of wind energy. The 
value of the seasonal match between wind and load 
is also enhanced by the presence of a source (tidal) 
which does not vary with the seasons. 

In these circumstances the marginal fuel savings 
from wind decline more rapidly with penetrat ion 
than in the absence of tidal power. But losses only 
become serious when the probability of having ex-
cess power becomes significant, so that energy needs 
frequently to be discarded. The fact that wind and 
tidal are uncorrelated means that this does not occur 
until high penetrations are reached. The study 
concluded

3 7
 that 'an integrated British supply system 

could, if it were considered desirable, absorb at least 
half of its energy from wind and tidal power com-
bined without significant [operational] difficulties'. 
Such results reflect the very diverse system (four 
tidal sites, with unconstrained power flow between 
England, Wales and Scotland and wind resources in 
each), but assumed no storage. The transmission 
requirements would be substantial, though as indi-
cated above, not necessarily prohibitive. Generaliza-
tion to other systems and other mixes of variable 
sources is difficult, but it serves to emphasize the fact 
that very large inputs from variable sources can in 
principle be accommodated without major losses, 
without any reliance on storage. 

Further possibilities are offered by combining 
variable sources with energy limited plants, which 
are usually also renewable and which complement 
variable sources very effectively. The energy can be 
used selectively when most required. If the generat-
ing capacity can be increased at relatively low cost, it 
allows greater flexibility in dispatching the energy, 
reserving it for times with relatively low variable 
output and high demand. The potential role may be 
judged schematically from Figure 2, by noting that 
variable sources will tend to make the demand curve 
steeper (as in Figure 6), so that a higher energy 
limited plant capacity can be used profitably to 
displace similar amounts of peaking fuels, while also 
contributing more to system reliability. 



parable efficiencies with still greater operational 
flexibility, including good part-load performance, 
high load-following capabilities, and even consider-
able ability to boost power above the design rating 
with minor penalties in efficiency.

40
 As well as being 

used for natural gas, such technology is probably 
also the most promising way of exploiting biomass, 
and perhaps even coal, using gasifiers. The charac-
teristics, combined with the low capital costs, again 
increase the ease of absorbing high-variable inputs. 

The same is probably true for small-scale systems. 
Steam-injected gas turbines are not only more flexi-
ble operationally, they are also practical on much 
smaller scales than steam turbines, perhaps down to 
sizes of under 10MW. One intriguing possibility 
concerns applications on island and other small-scale 
systems. Such areas at present frequently run on 
diesel, and the difficulties of integrating variable 
sources on such systems have been noted. Given the 
range of fuels which can be used to drive such plants, 
combinations of gas turbine technology with variable 
sources could emerge to be a mainstay of decentral-
ized supplies in the future. 

Development will not only be confined to the 
hardware of supply technologies. There is little 
doubt that for relatively little expendi ture , the pre-
dictability of most variable sources could be greatly 
increased, partly through judicious use of existing 
weather-related data, and partly by developing dedi-
cated monitoring stations (for example, of wind-
speed patterns a few tens to hundreds of kilometres 
from major generation areas) and predictive models. 
Prediction capabilities would develop alongside any 
major deployments of variable sources; in reality, 
unpredictability seems unlikely to be a serious issue. 

The discussion has also noted the value of having 
adequate diversity of the variable source(s). The 
natural diversity available increases greatly between 
systems and countries. The existing trend towards 
greater system interconnection will thus further ease 
the integration of renewable sources. Spread over 
Europe , for example, wind energy would be quite a 
reliable source, and the extent of additional control 
offered by integrated use of Alpine and Norwegian 
hydro capacities would add further flexibility. 

Finally, whatever kind of system is considered, the 
growing role of microprocessor controls is likely to 
be important in both automated generating controls 
and, more importantly, the short-term management 
of controllable loads. Industrial load management is 
already an important feature in many utilities, but 
the potential of modern technology for increasing 
the degree to which loads could if desired respond to 
changing system generating conditions, with benefits 

Integration of Renewables 

149 

to both consumer and producer , has barely been 
tapped. Development of such techniques is a trend 
which will again aid the accommodation of variable 
soures on any scale. 

Conclusions 

The potential applications of renewable electricity 
sources are many and varied. The ubiquitous nature 
of many renewables means that renewable energy is 
frequently available for small and isolated applica-
tions where transporting and using fossil fuels is 
expensive. In such cases, the penalties and difficul-
ties imposed by the variability of many renewables 
may be very significant, though they may still be 
more than offset by the high value of utilizing 
locally-available resources, even if storage is re-
quired to exploit them effectively. 

It has been widely asserted that the application of 
renewable sources on larger power systems will be 
severely constrained unless cheap storage can be 
developed. This assertion is without foundation. The 
discussions in this paper emphasize two main con-
trary conclusions. 

First, when the capacity of a renewable source is 
small relative to the total capacity of thermal plants -
as is currently the case for all renewable sources 
except (occasionally) hydro - source variability is 
essentially irrelevant, and the value of renewable 
energy can indeed be greater than that from conven-
tional thermal sources. This is true for energy li-
mited plants of hydro and biomass because of the 
greater flexibility in using the available generating 
capacity, and for variable sources it can be true 
either due to positive correlations with peak demand 
(as with solar energy on systems with solar-driven 
demand peaks) or due to more general seasonal 
correlations with demand (as for wind and wave 
energy in temperate zones). In general there is no 
case for penalizing renewable energy relative to 
conventional sources at the capacities currently em-
ployed or likely over the next couple of decades in 
most areas. 

The marginal value declines as capacities increase, 
but relatively slowly. In many cases, contributions of 
perhaps 20% of the demand could be obtained from 
one type of variable source with only a modest 
reduction in the value of the energy, and contribu-
tions of 30-40% would seem to be feasible before 
the penalties become severe, even neglecting storage 
and possible power exchanges with other systems. 
Various existing trends in power systems will further 
ease their integration, and by using combinations of 
different variable sources, storage, and trade be-
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Appendix 1 

The impact of geographical diversity 

Exploiting the diversity available be-
tween different sites can greatly in-
crease the reliability and predictability 
of variable sources, and reduce the 
variations in power output. This 
Appendix give some quantitative ex-
amples, focusing on wind energy. 

Wind energy from any one machine 
would be very variable. A typical wind 
turbine in temperate zones might be 
idle for perhaps a third of the time, 
and could be operating at maximum 
power for up to another third. At 
intermediate levels the power output 
would often fluctuated greatly, even 
within minutes. The economics of 
windpower integration depend heavily 
on having such variations smoothed 
out between sites. 

Some of the potential benefits of 
diversity within Britain are illustrated 

in Figure 8, which shows the probabil-
ity of obtaining different levels of total 
wind power output (relative to the 
installed capacity) if wind turbines 
were sited at many different locations 
around Britain. In summer, the 
chance of obtaining maximum power 
(when some wind energy might have 
to be discarded) is very small indeed, 
but there is a 25% chance of output 
being below 10% of the installed 
capacity. In winter, such low outputs 
would occur for only about 10% of the 
time (or less, if variable-speed tur-
bines capturing more energy from low 
wind speeds were used), and the 
chance of obtaining output within 
10% of maximum is still barely one in 
20. Most of the time, the output would 
be at intermediate levels. 

The effects of diversity on wind 

fluctuations are just as important. This 
can be analysed using a 'diversity fac-
tor' D(t), which expresses the average 
variation in output from a group of 
wind turbines relative to the variations 
in one machine. This is defined by: 

Variation of total output 

total capacity 

= variation in single machine χ D(t) 

machine capacity 

The diversity factor for an array of 
machines can be found if the 'coher-
ence length' L(t) of fluctuations - a 
measure of the maximum distance 
over which fluctuations occur simul-
taneously - is known. For a square 
array of Ν machines spaced a distance 
d apart, it is given by: 

D(t) = t2inh(d/2L(t))/(SQRT(N)) 

where tan/i(jt) is the hyperbolic tan-
gent = (e

 x
-e~

x
)/(e

 x
+e~

x
). 
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Figure 8. Distribution of output from nationally-distributed wind energy in Britain. 
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equations can be applied just as well 
to evaluate the effects of diversity 
between clusters of machines. If, for 
example, the same 5 000 turbines 
were arranged in 50 separate clusters 
of 100 machines (many perhaps 
offshore) the RMS random fluctua-
tions on timescales of 10 minutes to 
half an hour would be around 150MW 
- significant, but still small compared 
with demand variations on most sys-
tems which span such an area (eg 
compared with the 10-15GW diurnal 
demand cycle in Britain). 

This applies to random fluctuations. 
The effect of storm fronts moving 
across wind or solar arrays could pro-
duce wider correlation. For this, expli-
cit analysis of real data at many sites, 
together with a detailed stability 
analysis of the system taking into 
account the various emergency re-
serve options available, would be re-
quired to conduct a credible 'worst 
case' analysis. A study of 10 years' 
data in the Netherlands,

42
 a relatively 

small region compared with the di-
versity available on many other sys-
tems, concluded that on no occasion 
would the output have declined by 
more than 40% of the installed wind 

capacity within an hour, and 'an hour-
ly decrease in wind power output of 
30-40% of the installed capacity might 
occur four times in 10 years.' 

Similar conclusions are likely to 
apply to weather-driven variations in 
other sources, for example, cloud-
induced variations in solar output. 
Diurnal solar variations, of course, 
cannot be much reduced by diversity, 
though the rate of change in the morn-
ing and evening may be significantly 
moderated by a longitudinal spread of 
several hundred kilometres. Diversity 
would smooth wave power variations 
to a degree depending heavily on the 
locations and orientations relative to 
the primary wave regime and coast. 
For tidal energy, although the driving 
force is primarily lunar, local topogra-
phy determines the relative timing of 
tides, so that different sites in the 
same region can complement each 
other; the timing and form of output 
can also vary according to the system 
design and control. 

4 1
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ceedings A, Vol 127, June 1980. 
4 2
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Appendix 2 

Capacity credit from variable power sources 

How can variable sources contribute 
to the reliability of a system when they 
cannot be relied upon to produce pow-
er at times of peak demand? The key 
logic has been given in the text and it 
applies equally to all generating plants 
- none are completely reliable, but a 
reliable system can be built from them 
because of the risk of many indepen-
dent inputs failing simultaneously is so 
small. Statistically, it emerges that 
providing a new source fails indepen-
dently of other units on the system, its 
contribution to improving system re-
liability at the margin does not depend 
on its own reliability - all that matters 

is the mean energy available at times 
of system risk. Until their capacity 
rises above the level of general statis-
tical variation on the system, variable 
sources thus contribute as much as 
conventional plants. 

This result can be proved in a num-
ber of ways. Rockingham proved the 
result for normally-distributed out-
puts, and Swift-Hook has given a 
general proof via binomial expan-
sions.

43
 For the less mathematically-

minded, a graphical illustration is also 
possible. Running short of capacity 
can occur due to any one of thousands 
of possible combinations of high de-

mand and high plant outage. Figure 9 
illustrates the density of failure states 
S(x) which result in capacity shortfall 
of x. The total probability of failure is 
proportional to the area under this 
line, and the number of potential fai-
lures states which will be prevented by 
adding a new source can be repre-
sented as illustrated in Figure 9. 

If the capacity of the new sources is 
small enough, S(x) will be more or less 
constant over the range of possible 
plant output, and the contribution to 
system reliability will be S(0) times the 
totals source energy output in the 
period considered - the standard re-
sult. The conventional plant capacity 
can be reduced by an equivalent 
amount while maintaining the original 
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Farmer
41
 cites some typical estimates 

of coherence length associated with 
various timescales; in practice, L(t) is 
approximately equal to the windspeed 
times the timescale t involved. For 
'microscale' variations, within tens of 
seconds, L(t) will be less even than the 
spacing between machines d. The 
equation then approximates to D(t) = 
SQRT(N) - physically, this corres-
ponds to the fact that the fluctuations 
between the machines are indepen-
dent. So even if 5 000 wind turbines of 
2MW capacity each were deployed in 
the long term, and the average micros-
cale power fluctuation from each 
machine was 15% of the capacity, the 
total variation would be 10 000MW x 
(15% x 2MW)/2MW x SQRT 
(5 000), = 20MW. Such fluctuations -
about 0.5% of the total wind capacity 
- would be negligible on large power 
systems. 

When the timescale stretches to 10 
minute fluctuations (a timescale of 
particular interest, since it takes about 
10 minutes to start up gas turbines for 
emergency supply), random fluctua-
tions would only be independent be-
tween machines spaced more than ab-
out 5-10km apart. In such cases the 
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Figure 9. Capacity value of variable source at low system penetration. 
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level of reliability. This treatment also 
shows why, and in principle how, the 
capacity credit will decrease with in-
creasing plant capacity and variability: 
increasing capacities of a given vari-
able source extend the area of the 
block to the right, but not upwards, 
and the reliability contribution from 
adding more of the same soon declines 
towards zero if there are significant 
periods with no output anywhere. 



Chapter 11 

Solar Hydrogen Energy Trade 
Carl-Jochen Winter 

Traditionally, more than 90% (1989) of the 
world's requirements for primary energy have 
been met by coal, oil, natural gas and nuclear 
energy, the rest met by biomass and hydro-
power. Efficient energy-use is beginning to be 
viewed as an additional 'energy' and has im-
mense potential, especially in industrialized 
countries. The possibilities for on-site use of 
solar energy from irradiance, wind, 
hydropower, ocean thermal energy gradients, 
biomass and ambient heat are far from ex-
hausted, despite their growing share of the total. 
Solar hydrogen will become irreplaceable as an 
energy carrier because solar energy from areas 
with the greatest insolation or highest hydro-
power density has to be seasonally stored and 
transported worldwide, and in macroeconomi-
cally relevant amounts. Solar hydrogen is free of 
energy raw materials, and thus free of related 
pollutants. It is also a closed loop energy, com-
patible with the existing world energy trade sys-
tem and enhancing it with a product which is 
inexhaustible, renewable, ecologically responsi-
ble and of low-risk. 

Keywords: Solar hydrogen energy; World energy trade; Renew-
able energy 

Let us begin with a comparison: in the 1970s and 
1980s, German industry supplied pipelines and com-
pressors to Siberia; a bank consortium handled the 
necessary financing, and in return the USSR pro-
vided, year after year, about 30% of the natural gas 
needs of West Germany. The income from this 
transaction was used for interest payments and to 
reimburse the initial capital investment. A quarter of 
a century later, let's say in 2005, a Canadian-West 
European contract is signed in which both parties 
a g r e e to ' c o n s t r u c t ' a h y d r o p o w e r - h y d r o g e n 

Carl-Jochen Winter, is with the German Aerospace Re-
search Establishment, Energetics Research Department, 
Stuttgart and ZSW, The Solar and Hydrogen Energy 
Research Centre, Stuttgart/Ulm, Pf äffen waldring 38-40, 
7000 Stuttgart 80, Germany. 

'b r idge '
1
 from Canada to Hamburg . Hydropower 

plants in northeast Canada generate electricity for 
the electrolytic splitting of water into its two compo-
nents , hydrogen and oxygen. The hydrogen is li-
quefied and shipped to Hamburg on board cryotank-
ers. There it is either cryogenically used as an 
aerospace or surface transportation fuel, or re-
gasified and added to the natural gas network for 
sale on the heating market , or electrified in highly 
efficient fuel cells for sale on the electricity market . 
Or , another option, solar

2
 power p lan ts ,

3
 located in 

areas with highest insolation levels, are used to 
convert solar irradiance into heat and electricity, the 
latter being used in electrolyzers to split demineral-
ized water , the hydrogen product being transported 
in gaseous form to the main consumer areas of the 
world in pipelines, similar to the present t reatment 
of natural gas. If large oceanic distance can make 
pipeline transport unrealistic, then the hydrogen can 
be liquefied and transported in cryotankers, as in the 
Canadian example. More examples could be given. 

Are there major differences between the exam-
ples of hydrocarbon trade in the late 20th century 
and solar hydrogen trade in the early 21st century? 
Common considerations? Advantages , disadvan-
tages? What , specifically? Which positive aspects, 
which negative ones, require our attention? What 
are the favourable circumstances, where are the 
obstacles? 

The equivalent of less than 2 % of the world's final 
energy requirements (1986) 500 x 10

9
 Nm

3
/year 

(Figure 1) is provided by the present global hy-
drogen market . In most cases the hydrogen traded is 
not used as energy but as a chemical feedstock. 
Theoretically, if all of it were used exclusively as an 
energy source, it would supply only about half the 
final energy requirements of West Germany (1986). 
Thus , the use of hydrogen as an energy source has 
hardly begun. Only one industrial sector uses hy-
drogen energetically, space flight, where it is manda-
tory because of its excellent gravimetric energy 
density. Only a fraction of the hydrogen currently 
available is generated using electrolytic processes; 
most is a product of the steam reforming of 
m e t h a n e

4 , 5
, in other words, fossil energy raw mate-
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To 

Chloralkali 
electrolysis 2% Others 1 %

a
 Others 6% 

Figure 1. Hydrogen (1986): 500 x 10
9
 Nm

3
 approximately 185 mtce/year -

about 2% of world end energy consumption. 
Note:

 a
 Water electrolysis < 0.05%. 

rials must be utilized for its generation. Thus , at 
present, hydrogen is not clean, it is fossil hydrogen 
because hydrocarbons are used in hydrogen energy 
conversion. 

Hydrogen is no stranger: before natural gas, the 
municipal pipelines which handled the gas supply in 
West Germany just a few decades ago contained up 
to 60-70% hydrogen. For the same reason that the 
shift from town gas to natural gas was carried out in 
a short time without technical or financial difficul-
ties, it can be expected that the modification back to 
a mixture of natural gas and hydrogen can be easily 
handled by a European industrialized country. 

The energy of the industrialized world is in-
creasingly being supplied by 'noble ' energy carriers 
in grid networks. Electricity, district heating, and 
natural gas grids are becoming longer and more 
closely spaced and interconnected. Energy sources 
which are not grid-connected, such as coal and oil, 
will finally become the losers, or they will join the 
trend to grid networks (oil pipelines, coal slurry 
pipelines, coal and oil-fired district heating net-
works, heat/power cogeneration units, coal liquefac-
tion and gasification). 

Hydrogen is a noble secondary energy carrier well 
suited to grid transmission. It is compatible with 
existing world energy trade and will make use of its 
immense infrastructure investments and proven re-
liability. The addition of 10-15% hydrogen to natu-
ral gas supplies can be made without significant 
technical modifications to transportation or calor-
imetric measuring systems. Only at high pressures 
above 30 bar are other construction materials (hy-
drogen embrit t lement) and larger pipelilne dia-
meters necessary, since hydrogen has only about one 
third the volumetric energy density of natural gas. In 

the Rh ine -Ruhr area, a 200 km long hydrogen 
pipeline has been in operation since the 1930s at 
above 30 bar, with no reports of serious accidents to 
date . 

Germany imports two thirds of its energy require-
ments. This situation is not likely to change, even if 
the country's primary energy requirements , despite 
economic growth, remain stable or even fall due to 
industrial structural modifications, strictly pursued 
energy conservation, and on-site solar energy-use. 
Hydropower reserves are almost exhausted; lignite 
strip mining increasingly encounters ecological re-
strictions, and bituminous coal from the Ruhr and 
Saar has now to be extracted from mining depths of 
1 000 metres and more . Understandably, the cost of 
domestic bituminous coal exceeds world market 
prices by a factor of two to four. 

In general , the only far-reaching additional energy 
source available for the medium term is solar energy 
(irradiance, biomass, wind, hydropower, ambient 
heat , ocean energy), possibly supplemented by non-
solar renewable energies (tidal and geothermal 
sources). Secondary energy, heat and electricity, 
cannot be stored on a globally relevant scale and 
cannot be transported over global distances without 
considerable losses. Here is where solar hydrogen 
has a role to play as a secondary energy carrier, 
making solar energy seasonally storable and globally 
transportable with low losses. This will guarantee 
the continuence of world energy trade in fluid ener-
gy carriers suitable for grid transmission beyond the 
time when oil and gas will have to be reserved for 
hydrogen chemistry. 

A global solar hydrogen energy system
6
 does not 

require energy raw materials. Only technology and 
financing are needed for its installation and opera-
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Figure 2. Energy conversion chains. 
Solar Hydrogen Energy Trade 
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0.045 kg/m
2
 (monocrystalline cells 2.3-3.7 kg/m

2
, 

whole modules 10-15 kg/m
2
) . The solar specific 

investment share for a solar tower power plant 
(heliostat field, receiver) has dropped from 65-70% 
down to 35-40% today, thanks to lightweight con-
struction design. Consequently, the conventional 
investment share (turbines, pipes, valves, heat ex-
changers and the like) of 60 -65% of the total is usual 
in the power industry. 

There has been a fascinating development in 
energy intensities (see Figure 3). The energy amor-
tization time (how many years an energy conversion 
system has to be operated in order to produce an 
amount of energy equivalent to that originally 
needed for its construction, initial fuel inventory, 
and its eventual dismantling) is only a few months 
for fossil and nuclear power plants. But for solar 
power plants it is a few years, depending on con-
struction design and relative investment costs. This 
is one side of the coin. The other side shows years in 
the case of the fossil and nuclear power plants 
because of the need for a lifetime supply of fuel, and 
for pollution and waste disposal, whereas for solar 
power plants it is only a few months , since they of 
course do not require energy raw materials, and 
since their potentials for waste and pollutants are 
zero. If one puts both sides of this coin together and 
defines the energy gain factor as the result of divid-
ing the electricity generated during the lifetime of 
the plant by the energy required to erect, maintain 
and dismantle it, then four statements can be made: 

# With energy gain factors of 15-20, wind and 
hydropower plants are far ahead of the com-
petition, and new developments will put them 
even further ahead. 

Φ Coal-fired power plants are hardly in the run-
ning any more , and they have not even been 
charged with beginning serious carbon dioxide 
containment yet. 

• Solar power plants have yields that are already 
close to those of nuclear plants. When nuclear 
plants are subject to additional safety and 
security regulations and solar plants are further 
improved (they are far from reflecting a fully 
developed technology), then one can expect 
the gap to become even smaller, and that the 
solar power plants will finally win the race. 

0 The above statements are made with respect to 
a margin of fluctuation which will become 
smaller as expertise increases. 

The solar hydrogen energy system is a closed loop 
energy system (Figure 4). It can complement the 
traditional, open fossil and nuclear systems which 
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tion. Its energy conversion chain (Figure 2) does not 
contain, per se, two of the three classic energy 
conversion stages: the energy raw materials stage 
and the pollutant/waste stage, insofar as it has its 
source in energy raw materials. Solar energy is in 
economic terms a 'free good' . It comes from outer 
space and is returned back to outer space whether 
people make use of it or not. Water comes from the 
earth 's inventory and returns to it after being split 
into its components hydrogen and oxygen and subse-
quently re-combined. The natural , integral loops of 
energy and matter are not changed by human activ-
ity. Even if the world's entire primary energy re-
quirements of about 12 x 10

9
 tee/year (1989) were to 

be met by solar hydrogen - a big ' if - this would only 
involve a few thousandths of the total solar energy 
flux to earth, and likewise only a few thousandths of 
its atmospheric water vapour content. 

However, since no human intervention in nature 
is entirely without ecological consequences, it is only 
fair to state that the natural flux of energy and 
matter would be subjected to geographical disloca-
tions of global dimension (Canada -Europe , Sahara -
Europe , Kazakhs tan-Europe) , and there would be 
seasonal retardation of the solar energy supply to 
earth and from earth back to outer space, although 
both would only be measurable in parts per 
thousand. 

Ecologically, a solar hydrogen energy system is a 
responsibly clean system as long as the land require-
ment and energy conversion technologies are en-
vironmentally sound, and also because it does not 
require energy raw materials. It is almost trivial to 
say that solar hydrogen contains no carbon, no 
carbon monoxide, carbon dioxide, sulphur and thus 
no sulphur dioxide, nitrogen oxides, dust, ashes, 
gypsum or heavy metals. Less than 1% of the 
otherwise unused arid surfaces of the earth would be 
needed for meeting the current global primary ener-
gy requirements with solar hydrogen using today's 
available technologies with today's efficiencies and 
operation and maintenance requirements. Thus , the 
surface area necessary is not really a limitation. 
Since solar energy has a relatively low energy density 
(Central Europe , 100 W/m

2
, 1 000 kWh/m

2
a ; Ara-

bian Peninsula 300 W/m
2
, 2 500 kWh/m

2
a ) , a con-

siderable amount of material has to be used to 
'concentrate ' solar energy up to the densities of fossil 
energy. Being a natural constant, the insolation level 
cannot be changed by mankind, but engineers have 
long been at work to reduce the material require-
ments , successfully, because paraboloids now weight 
only 30 kg/m

2
 (instead of the earlier 100 kg/m

2
) and 

thin-film photovoltaic cells now only weigh 0 .02-
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Figure 3. Net energy analysis of power plants. 
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Liquefaction 

Figure 4. Solar hydrogen: a closed loop energy carrier. 

Note:
 a
 Proper handling presumed. 
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Figure 5. Coal, mineral oil, natural gas, nuclear energy: open ended energy system. 

are exhaustible, environmentally harmful and hazar-
dous (Figure 5), and eventually replace them. The 
traditional energy systems require the removal of 
energy raw materials from the earth 's crust and 
oxygen from the atmosphere, resources which are -
at least regionally - in limited supply. These are then 
modified chemically or isotopically, and returned 
somewhere else to the geosphere, sometimes in 
poisonous form, radioactive in the case of nuclear 
plants, and associated with C 0 2 release to the 
atmosphere in the case of fossil plants. Both types of 
plant are responsible for an additive warming of the 
geosphere equivalent to the total primary energy 
they consume. 

The technologies required for a solar hydrogen 
energy system are available. They need further 
development in order to improve efficiencies, ser-
vice life, mass production, and reduce maintenance, 
but an abandonment of the approach because of 
unanticipated problems is very unlikely. In 1989, 
solar thermal power plants fed 300 M W e into the 
grids, and an additional 500 M W e are under con-
struction or have been contracted. Photovoltaic sys-
tems in the order of 40-50 MW e/year are sold, year 
after year. Pipelines, electrolyzers, cryotankers, 
hydrogen storage systems and many other compo-
nents are state-of-the-art. Fuel cells, hydrogen-filled 

aircraft and automobiles are being developed. 
In a solar hydrogen energy system, constant atten-

tion must be paid to safety considerations connected 
with the global transportation of hydrogen. In com-
parison to , say, natural gas, it has a wide ignition 
range and low ignition energy. However , its high 
diffusivity in air results in a rapid dynamic lift in 
predominantely a vertical direction, with only lim-
ited horizontal spreading. Hydrogen/air hazards are 
quickly over and there are no long-term liabilities. 
The absence of any toxicants and radioactivity gives 
rise to the expectation of high inherent safety. It is a 
politically responsible system. Its social acceptability 
will be high, since hydrogen is not really new. 
However , no technical-energy system is without its 
own specific safety risks, and these should not be 
trivilized. For a future solar hydrogen energy sys-
tem, all the experience which has been gathered 
over decades, even centuries, in the handling of 
hydrogen will need to be utilized and further de-
veloped. Hydrogen chemisty is 150 years old; there 
is no nation engaged in space-flight which does not 
operate hydrogen/oxygen fueled rockets; municipal 
gas had a high proport ion of hydrogen; electric 
generators are cooled using hydrogen; fats are har-
dened with hydrogen in the food processing industry 
and the electronic industry also uses hydrogen. In 
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Figure 6. C 0 2 emissions in electricity generation. 

Sources: Meridian Corp(1989); Worldwatch Paper 91; Öko-Institut(1989). 

the USA, France and Germany, among other coun-
tries, pipelines have been carrying hydrogen over 
hundreds of kilometres for decades. 

A solar hydrogen energy system would promote 
international cooperation in energy, in that it is not 
certain whose dependence is the greater, the cus-
tomer or the supplier. One can expect stability 
whenever there is mutual interdependence: a coun-
try in the earth 's solar belt, or one with enormous 
hydropower reserves, has, in solar hydrogen energy, 
a 'national ' commodity available for its own energy 
supply or for export. Such countries require technol-
ogy and financing from the industrialized countries 
of the north, which, however, are dependent on the 
import of solar hydrogen. A wise global policy 
strives politically for beneficial, balanced interrela-
tionships. Market oligopoly as it exists in the present 
oil market (and as can be expected in a future global 
coal market because coal is concentrated in a few 
supplier countries, Australia, China, North Amer-
ica, South Africa, USSR) , is very unlikely in a solar 
hydrogen market . This is because suppliers exist 
everywhere on the equatorial belt ± 30-40° N/S, 
complemented by places with high hydropower re-
serves (Africa, Asia, Canada , Greenland, South 
America) . 

A solar hydrogen energy system will not come 
cheaply. The well-established infrastructure of the 
present world energy trade system, which represents 

an immense investment, should be further utilized 
wherever possible. A solar hydrogen system has two 
financial advantages over the fossil and nuclear 
systems: 

φ Almost all of the investment is made right at 
the beginning when the technology is installed. 
There is no subsequent dependence on energy 
raw materials and their price fluctuations. In-
stallation times are short (for example: under 
12 months for a 80 M W e solar thermal power 
plant) ; risks are low. 

• The external costs are very low. By compari-
son, fossil power plants have yet to contain the 
C 0 2 they produce, and nowhere in the world 
has the problem been solved of how to achieve 
the politically responsible, safe, final, realisti-
cally large-scale disposal of radioactive fission 
products and end-of-life nuclear fuel elements. 
The associated increases in the cost of fossil 
and nuclear energy will encourage the adop-
tion of solar hydrogen. Figure 6 shows that 
non-fossil energy converters emit only 1% or 
less of the C 0 2 emitted by fossil fuels. (They 
do emit some, because steel mills, glass factor-
ies and cement works have to be operated to 
produce solar, wind and hydropower plants!) 
Throughout the world research and develop-
ment is going on in solar hydrogen energy 
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• Experts' report on The Solar Hydrogen Energy Economy submitted to the 

Federal Ministry of Research and Technology (1988) 

• Solar and Hydrogen Energy Research Centre Baden-Württemberg, a foundation, 
established (1988) 

• Future Energies Forum, (including hydrogen), Bonn, established (1989) 

• Solar and hydrogen budget increases in national laboratories (DLR-German 
Aerospace Research Establishment, Jülich Research Centre, Hahn-Meitner 
Institute, Fraunhofer Society) approved (1989) 

• 350 kW e German-Saudi HYSOLAR project in operation in Saudi Arabia (1990) 
phase 1, phase 1b approved, phase 2 under negotiation 

• 500kW e Solar Wasserstoff Bayern in operation in Germany (1990) 

• 7 0 M W t hH 2/ 0 2S p i n n i n g Reserve Plant, study phase II completed, 2 plants to be 
erected 

• 100 MW e Euro-Canadian Hydropower-Hydrogen 'Bridge', study phase I completed, 
phase II under way 

• Society for the introduction of Hydrogen into the Energy Economy, Hamburg, 
founded (1989) 

• World Hydrogen Energy Conference #11 1996 in Stuttgart endorsed 

Figure 7. West G e r m a n y : status o f h y d r o g e n energy act iv i t ies (1990). 

technology.
7
 Figure 7 lists hydrogen energy 

activities in Germany of recent years. 

Without doubt , mankind is being confronted with 
developments in energy policy and related industry 
policy which are as far reaching as those at the close 
of the 18th century when the large-scale use of coal 
opened the path to industrialization. The possible 
doubling of the earth 's human population within a 
few decades, the increasing scarcity and oligopoliza-
tion of oil, and the anthropogenic attack on the 
world's ecological system will mandate a reform of 

the energy supply system. It will have to use ever 
fewer energy raw materials, which means that it will 
become more technologically and financially inten-
sive, and it will have to become a closed loop: 
hydrogen and solar energy fulfill these demands to a 
high degree. They are , in terms of human measuring 
scales, inexhaustible, renewable, of low risk, and 
ecologically responsible. 

Renewable solar hydrogen energy: great hope or 
false promise? It is, of course, a great hope , but 
more compelling, a necessity and a growing reality. 
To traditional energy sources which dominate the 

Nuclear : fusion reactions 
I 

Solar energy and hydrogen as commercial commodities 
I 

Indigenous solar energy utilization 

Conservative energy usage by technical means and capital 

Natural gas : fossil (solar-derived) 

Nuclear : fission reactions (breeders ) 
I 

Petroleum (oil sands, oil shale) : fossil (solar-derived) 

Coal : fossil (solar-derived) 
Working capacity of man or animal, wood, wind, hydropower : all solar-derived 
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Year 

Figure 8. History of the world energy economy (qualitative). 
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world's present energy system, coal, oil, natural gas 
and nuclear, must be added energy efficiency, on-
site solar energy utilization, and solar hydrogen 
energy (Figure 8). 

Hildegard Euler-Hutflesz typed the German manuscript, Susan 
Giegerich translated it into English and arranged for the figures, 
bibliography and final editing - sincere thanks to both of them. 
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Part III: Renewables and Development 

Chapter 12 

Biomass Energy 
- lessons from case studies in developing countries 

D.O. Hall, F. Rosillo-Calle and P. de Groot 

Biomass is the world's fourth largest energy 
source and the first in developing countries rep-
resenting 14% and 35%, respectively, of primary 
energy. The provision and use of biomass energy 
is a complex issue; it is an integral part of the 
problems associated with sustainability of all 
types of vegetation which in turn is a key to 
ensuring stable socioeconomic development. 
The financial costs of producing biomass are 
also very complex since they depend upon many 
different factors and tend to be quite site specific, 
eg agricultural and forestry costs, type of feed-
stock and its productivity, equipment require-
ments, etc. The last two decades have witnessed 
numerous proclamations of failure and success 
of biomass schemes. There is no short cut to 
trying to understand the factors required for 
success except by extensive investigation. We 
consider the socioeconomic and technological 
implications of four case studies where we have 
had long-term direct experience of evaluation at 
the local, national and international levels. These 
case studies are: ethanol from sugarcane in Bra-
zil and Zimbabwe; community biogas in an 
Indian village; and, land rehabilitation for fuel 
and fodder in Baringo, Kenya. 

Keywords: Biomass; Renewable energy; Developing countries 

Since the recognition of the importance of biomass 
energy in the early 1970s, there have been many 
schemes and projects to help improve the supply and 

D.O. Hall is at King's College London, Division of 
Biosphere Sciences, University of London, London W8 
7AH, UK; F. Rosillo-Calle is at the Biomass Users 
Network, Information and Skills Centre, Kings College 
London, University of London, London W8 7AH, UK; 
and, P. de Groot is at the Commonwealth Science Coun-
cil, Commonwealth Secretariat, Marlborough House, 
London SW1Y 5HX, UK. 

use of biomass in both developing and developed 
countries. Considerable efforts have been made to 
use wastes and residues and other sources of biomass 
such as sugarcane, short rotation forestry, etc; these 
would provide solid, liquid and gaseous fuels to rural 
and urban dwellers, to agriculture and industry and 
transport . 

Biomass currently provides about 14% of the 
world's energy, equivalent to 25 million barrels of oil 
per day. It is the most important source of energy in 
the developing world (35% of total energy) where 
three-quarters of the world's people now live and 
90% of the world population will live by the middle 
of the next century. Biomass also plays a significant 
role in a number of industrialized countries, eg the 
U S A and Sweden, which obtain about 4 % and 13% 
of their energy, respectively, from biomass. 

Over the last 20 years there have been numerous 
proclamations of failure and success of biomass 
schemes and projects. Much of the criticism has 
been warranted and has certainly helped focus atten-
tion on such projects ' shortcomings and often un-
critical acceptance. The present designation of a 
'successful' project must be seen as relative to past 
failures and not imply that all components of a 
project are acceptable for any specific programme. 
Ideally a successful biomass programme should show 
sustainability, replicability and flexibility and also be 
economic when all costs and benefits are considered, 
especially externalities. 

There is in reality no short cut to trying to 
understand the successes and failures of projects 
except by prolonged and repeated local visits and 
discussions over an extended period. This also re-
quires interaction with diverse groups associated 
with a project. 

From our experiences and biases with biomass 
projects, the importance of early involvement by 
and benefits to the local people , the need for flexible 
aims, a policy of monitoring research, a long-term 
approach, and multiple benefits, all stand out as 
being essential to success.

1 
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developing countries which should not be construed 
as representing all the possible data which is avail-
able. The criteria for selection of these 22 projects 
were that as much economic data as possible was 
available in a disaggregated form and/or the projects 
had been operating for some years (the longer the 
bet ter) . There are in fact very few operating projects 
which fulfil both these requirements. Indeed the 
only operating technologies in specific cases which 
allow reasonably extensive analyses are ethanol, 
energy plantations, charcoal, biogas, and possibly 
gasification in developing countries, and in de-
veloped countries some programmes for producing 
ethanol , electricity from wastes and residues, short 
rotation forestry, and possibly biogas. In the follow-
ing four case studies the authors have had long term 
direct experience of evaluation at local, national and 
international levels. 

Ha l l
2
 distinguishes three main biomass-related 

technological categories each of which can be associ-
ated with different economies: 1) operating tech-
nologies which allow reasonably extensive analysis 
eg ethanol and charcoal; 2) technologies which are at 
the ' take off stage eg biogas, stoves and gasification; 
and c) projects to rehabilitate degraded land areas or 
to provide biomass in its various forms to local 
people eg social forestry and agroforestry. 

Ethanol from sugarcane falls into the first categ-
ory of technologies which are presently commercial; 
biogas production has been underway for many 
years and can be considered within the ' take-off 
category; and the Kenyan land rehabilitation project 
within the third category of projects which are very 
difficult to analyse economically, and can hardly be 
considered to be economically viable when evalu-
ated by conventional criteria (even though they may 
have been operating for many years). Each of these 
categories present their own problems, difficulties 
and opportunities and each can be associated with 
different levels of economic evaluation. 

Within the first category, which includes ethanol, 
the technologies are often universally available so 
that technology transfer to optimize production and 
conversion can be quite easy. Indeed, a number of 
developing countries could adapt and improve the 
technologies for these so-called modern biofuels, eg 
efficient ethanol distillation plants with low output 
of effluents, and biomass gasifiers plus turbines for 
electricity. The main contentious problems are with 
economics. However , if 'externalities' such as em-
ployment, import substitution, energy security, en-
vironment, and so on, are also considered then the 
economics change usually in favour of the biomass 
systems. 
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In this paper we examine four biomass projects 
which are 'successful' to different degrees: ethanol 
production from sugarcane in Brazil and Zimbabwe; 
community biogas in an Indian village; and, land 
rehabilitation for fuel and fodder in Kenya. The 
Brazilian case demonstrates the need for a clear 
government commitment , the vulnerability of such 
programmes to short-term market fluctuations and 
the inherent difficulty of long-term energy planning. 
In Zimbabwe the State played a largely regulatory 
role to create acceptable market conditions for the 
ethanol project to succeed, leaving the funding 
entirely to the private sector. The biogas project in 
India and land reclamation in Kenya highlight the 
importance of social factors and long-term commit-
ment in successful energy and development projects. 

Economics and policy 

Biomass energy is often considered problematic 
because it has many facets and interacts with so 
many different areas of interest such as land use, 
forestry, agriculture, animals, and societal factors. 
The provision and use of biomass energy is a com-
plex issue and is only one part of the problems 
associated with sustainability of all types of vegeta-
tion, which in turn is an integral part of ensuring 
stable socioeconomic development. Biomass energy 
should not only be considered as an 'energy source' 
but also as a reflection of the way in which many 
traditional (and some modern) societies produce, 
distribute and consume various biomass resources 
including energy. Biomass projects to enhance ener-
gy availability are also very difficult to quantify 
because of the many 'intangibles' involved. 

The cost of producing biomass energy depends 
upon many different factors such as agricultural and 
forestry costs, the type of raw material utilized, the 
location of the manufacturing plant, the design, type 
and degree of modernization of equipment required 
in production and conversion, the relative labour 
costs, the scale of production, and the total invest-
ment. There is no such thing as 'fixed biomass 
energy production costs' since they usually vary 
according to local conditions. The economics of 
biomass are, therefore, quite site specific especially 
if one excludes the conversion and process technolo-
gies which by themselves are a relatively small 
percentage of the overall costs. The provision of 
biomass energy on an economic basis undoubtedly 
needs local entrepreneurs to make judgements and 
decisions. 

The following four examples are taken from a 
large study of 22 biomass energy projects in 12 
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Table 1. Brazilian sugarcane, sugar, and alcohol production and percentage of alcohol-
fuelled cars, 1976/77-1988/89. 

Sugar cane Sugar Ethanol Alcohol cars 
Year (Mt) (Mt) (10

9
I) (%) 

1976/77 88 7.2 0.6 _ 
1977/78 105 8.3 1.5 _ 
1978/79 108 7.3 2.5 0.3 
1979/80 118 6.6 3.4 28.5 
1980/81 132 8.1 3.7 28.7 
1981/82 133 7.9 4.2 38.1 
1982/83 167 8.8 5.8 88.5 
1983/84 198 9.1 7.9 94.6 
1984/85 211 8.8 9.2 96.0 
1985/86 224 7.8 11.8 92.1 
1986/87 217 8.1 10.5 94.5 
1987/88 224 8.0 11.5 84.4 
1988/89 241 8.0 12.3 70.0

a 

1990 - - - 50.0
a 

Notes: The years correspond to calendar years from 1979 through 1990;
 a

means 
estimated. Column 4: % of alcohol cars manufactured in year. 
Source: Compiled from, Mazzone, op cit, Ref 5. 

In the second category there begin to be opportu-
nities for entrepreneurs to operate and for costs to 
decline in relat ion to technical improvements . 
Biogas digesters can be constructed with designs for 
lower cost and easier maintenance and an infrastruc-
ture for technicians and builders established. Such 
technologies still usually require some form of sub-
sidies and/or aid but the social costs and benefits are 
much more clearly seen compared to category three. 
The policy and institutional changes required for 
wider dissemination are also more clearly discerned 
and thus decisions are more easily taken and main-
tained. 

The most complex situation is with the third 
category where socioeconomic and land use prob-
lems are diffuse while also being of overriding 
importance. Long-term funding is essential both to 
allow sustainable techniques and technologies to be 
developed, and to encourage replicability. Conven-
tional economic paybacks are usually very tenuous 
so making it difficult to progress to the second 
category where economic criteria become much 
more important. 

The options for producing and using biomass as a 
source of energy are numerous . The problems of 
provision and use generally lie in the ability to have 
good productivities on a sustainable basis to provide 
energy and other benefits which are desirable from 
economic, social and environmental viewpoints. 
Generalizations are difficult and can only be derived 
from individual case studies which have been care-
fully analysed over long-time periods. 

Brazil case study: ethanol from sugarcane 
Global interest in ethanol fuels has increased con-

siderably over the last decade despite the fall in oil 
prices after 1981. A number of countries have 
pioneered both large and small-scale ethanol fuel 
programmes. Worldwide, fermentation capacity for 
fuel ethanol has increased eightfold since 1977 to 
about 20 billion litres per year in 1989. Ethanol fuel 
is produced on a large scale in Brazil and the U S A .

3 

The current U S A fuel ethanol production capacity is 
over 4.6 billion litres and there are plans to increase 
this capacity by more than 2.3 billion litres. How-
ever, doubts remain as to the future direction of this 
industry due to the controversy regarding costs. 
Highly variable maize and by-product prices and the 
wide variations in final ethanol costs among existing 
plants over time highlight the non-subsidy aspects of 
the costs controversy in the U S A .

4 

Brazil has the world's largest bioethanol program-
me. Since the creation of the National Alcohol 
Programme (ProAlcool) in 1975, Brazil has pro-
duced over 90 billion litres of ethanol from sugar-
cane. In 1989, over 12 billion litres of ethanol 
replaced almost 200 000 barrels of imported oil a day 
and almost four million automobiles now run on 
pure bioethanol and a further 9 million run on a 20 
to 22% blend of alcohol and gasoline. Table 1 shows 
sugarcane, sugar, and alcohol production as well as 
sales of alcohol-powered cars. Sugarcane production 
has increased from about 88 Mt in the 1976/77 
harvest to 241 Mt in 1988/89, while alcohol produc-
tion has increased from about 660 million litres to 
12.3 billion litres during the same period; in 1985, 
96% of all newly-sold cars were fuelled by ethanol, 
but was down to an estimated 50% in 1990 due to 
difficulties in alcohol supply and retail pr ices .

5 

Although Brazil's involvement with alcohol fuel 

167 



Renewables and Development 

industries to develop their own technological exper-
tise along with greatly increased capacity. 

Technological improvements have resulted in 
sugarcane productivity increases in the agro-
industrial sector of 4.3%/year during the period 
1977/78 to 1985/86 and a sharp reduction in costs. 
For example alcohol productivity has increased from 
2 660 litres/ha in the 1977/1978 harvest to 3 800 
litres/ha in 1985/86.

6
 Cane productivity has also 

increased from 39 t/ha in 1940 to 42.5 t/ha in 1960, 
49.3 t/ha in 1976, 57 t/ha in 1980 and 62.6 t/ha in 
1988.

7 

New varieties of sugarcane have been developed 
in order to gain greater productivity on poor soils, in 
consideration of the need to expand sugarcane 
growth without interfering with traditional food pro-
duction. Intercropping and rotation cropping tech-
nologies developed by the Brazilian sugar research 
laboratories have also made it possible for sugar 
plantations to increase food production. The Brazi-
lian government has under taken a major effort to 
promote the improvement of cane production tech-
nology, eg the establishment of cane prices based on 
sucrose content rather than on weight, efficient 
management of sugarcane plantations, pest control, 
etc. 

Brazilian firms have also been exporting alcohol 
technology to developing countries and even to 
some industrial countries. The sugar and alcohol 
industry is today among Brazil's largest industrial 
sectors. In short, Pro Alcool has stimulated the 
building and improvement of a modern and efficient 
agribusiness capable of competing with any of its 
counterparts abroad. In fact so successful were 
Brazilian distillery manufacturers in producing effi-
cient hardware that when contracting with interna-
tional companies for the Brazilian market , the distil-
leries frequently were found to perform at up to 20% 
or 30% above their rated capacity. In a number of 
distilleries, small additional investments have in-
creased production still further to 50% above 
nominal capacity.

8 

Another industry which has expanded greatly due 
to the creation of Pro Alcool is the ethanol chemistry 
sector. A significant expansion stimulated by ProAl-
cool was able to draw upon a tradition dating back to 
the 1920s. Installed capacity for ethanol utilization in 
the chemical industry rose from 60 105 t in 1976 to 
336 980 t in 1984. From 1975 to 1985 the ethanol-
based chemical sector consumed a total of nearly 2.2 
billion litres of ethanol i.e. about 3 .5% of the annual 
alcohol product ion .

9 

Although in recent years interest in ethanol che-
mistry has somewhat subsided due to the fall in 
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dates back to early this century, the creation of the 
ProAlcool in 1975 represented a fundamental poli-
tical step in the country's long-term commitment to 
provide a substitute for imported oil. The program-
me has been an outstanding technical success, its 
physical targets were achieved on time and its costs 
were below initial estimates. It was an ambitious and 
creative attempt to deal with the consequences of 
long-term increases in oil prices that was widely 
anticipated in the 1970s and the problems of energy 
scarcity. ProAlcool was planned centrally but it has 
been executed by private industry in a decentralized 
manner. 

The ProAlcool objectives went far beyond energy 
alone. It involved an intricate and politically difficult 
combination of economic policy in the agricultural 
and industrial sectors with incentives for smaller 
scale production, public investment in agricultural 
research and, especially in the northeast of the 
country, incentives for private innovation and in-
vestment. The decentralized execution of such a 
programme depended on an effective integration of 
economic and technology policy. 

ProAlcool was thus set up with multiple purposes 
although the main objective was to reduce oil im-
ports. The broad objectives can be summarized as 
follows: to lessen the country's external vulnerability 
to oil supply and to reduce oil imports for the 
automobile and chemical industries; to increase the 
utilization of domestic renewable energy resources; 
to develop the alcohol capital goods sector and 
process technology for the production and utilization 
of industrial alcohols; and, to achieve greater 
socioeconomic and regional equality through the 
expansion of cultivable lands for alcohol production 
and generation of employment. 

To ensure the success of the programme the 
government established a series of norms. These 
included: direct involvement by the private sector; 
economic and financial incentives to ethanol produc-
ers; guarantees to purchase ethanol production with-
in the authorized limits and specifications estab-
lished in advance by the government; establishment 
of a price policy to ensure an effective remunerat ion 
to alcohol producers; and, incentives for alcohol 
production and utilization technology. The combina-
tion of these factors, together with the introduction 
of new equipment , increases in productivity and the 
number of new plantations, has given a continued 
boost to alcohol production during the 14-year life of 
the ProAlcool programme. ProAlcool has been 
largely successful in meeting its technological objec-
tives, reducing oil imports and some broad develop-
ment goals. It has enabled the sugar and alcohol 



world oil prices, Brazil has had an excellent oppor-
tunity to develop this industry thanks to the com-
bination of a sound technological base and historical 
experience, abundant raw material (ethanol) with a 
considerable scope for cost reduction, and a large 
potential market . Ethanol-based chemical plants are 
more suitable for many developing countries than 
petrochemical plants because they are smaller scale, 
require less investment, can be set up in agricultural 
areas and use raw materials which can be produced 
locally. 

In the ProAlcool programme technological de-
velopments have not always matched the stated 
social objectives. To expect so would be to ignore 
Brazil's social, economic and political realities. Until 
recently the government 's chief objectives have been 
economic growth, with relatively little emphasis on 
social development and, in the specific case of 
ProAlcool, to achieve greater energy independence 
and to prevent the collapse of the sugar industry. 
Economic development has taken place at the ex-
pense of social development. Rural job creation has 
been credited as a major benefit of ProAlcool be-
cause alcohol production in Brazil is highly labour-
intensive; thus some 700 000 direct jobs with 
perhaps three to four times this number of indirect 
jobs have been created. How many of these jobs are 
new ones is still contested, however. 

Environmental pollution by the ProAlcool prog-
ramme has been a cause of serious concern, particu-
larly in the early days of the programme. The 
environmental impact of alcohol production can be 
considerable because large amounts of stilläge are 
produced and often escape into the waterways. For 
each litre of ethanol the distilleries produce an 
affluent of 10 to 14 litres of high biochemical oxygen 
demand (BOD) stilläge. However , in the later stages 
of the programme serious efforts were made to 
overcome these environmental problems and today 
a number of alternative technological solutions are 
available or being developed. This has sharply re-
duced the level of pollution, eg decreasing effluent 
volume using Biostil process and turning stilläge into 
fertilizer, animal feed, biogas, etc. This together 
with tougher environmental enforcement has re-
duced pollution considerably. 

Costs 

Despite many studies which have been done on 
nearly all aspects of the programme, there is still 
considerable disagreement with regard to the econo-
mics of ethanol production in Brazil; this is because 
there are so many tangible and intangible factors to 
be taken into consideration. Such a detailed analysis 
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is beyond the scope of this p a p e r .
1 0 

Both the economics of the production cost of 
ethanol and its economic value to the consumer and 
to the country depend on many factors. For exam-
ple, production costs depend on the location and 
management of the installation, and on whether the 
facility is an autonomous distillery in a cane planta-
tion dedicated to alcohol production, or a distillery 
annexed to a plantation primarily engaged in sugar 
production for export. The economic value of etha-
nol produced, on the other hand, depends primarily 
on the world price of crude oil and then on whether 
the ethanol is used in anhydrous form for blending 
with gasoline, or in hydrous form in 100% alcohol-
powered cars. 

The current relatively low oil prices (about $19-
20/bbl, mid-1991) together with increased domestic 
oil production has decreased the overriding import-
ance of alcohol as a liquid fuel substitute although 
supply interruptions and energy security are still of 
great concern to Brazil. This is further reinforced by 
the economics of alcohol production which, despite 
considerable improvements , still remain unfavour-
able compared to oil prices on a microeconomic 
basis. 

Cost estimates of ethanol production in Brazil can 
vary significantly. Reddy and Go ldemberg

1 1
 esti-

mate that the average cost of ethanol produced in 
Sao Paulo State in 1990 was about $0.185 per litre; at 
this price, ethanol could compete successfully with 
imported oil. Ethanol production costs have fallen 
4 % per year since the late 1970s due to major efforts 
to improve the productivity and economics of sugar-
cane agriculture and ethanol production. Z a b e l

1 2 

estimated that the cost of ethanol could be further 
reduced by the year 2000 by 17% to $0.16 litre from 
the current estimated cost of $0.20 litre in Sao Paulo 
State. (Table 2). 

The costs of ethanol production could be further 
reduced if sugarcane residues, mainly bagasse, were 
to be fully utilized as has been shown by Ogden et 
al.

13
 With sale credits from the residues, it would be 

possible to produce hydrous ethanol at a net cost of 
less than $0.15/litre, making it competitive with 
gasoline even at the low pre-August 1990 oil prices. 
With the biomass gasifier/intercooled steam-injected 
gas turbine (BIG/ISTIG) systems for electricity gen-
eration from bagasse, they calculated that simul-
taneously with producing cost-competitive ethanol 
the electricity cost would be less than $0.045/kWh. If 
the milling season is shortened to 133 days to 
possibly make greater use of the barbojo (tops and 
leaves) the economics become even more favour-
able. Such developments could have significant im-
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Table 2. Estimated future costs and revenue requirements of 
hydrous alcohol production from sugar cane in Sao Paulo State, 
Brazil. 

Sub-total Total 

1. Raw material costs (US$/t) 
Cultivation 0.846 

Preparation of soil 0.288 
Planting 0.557 

Plant protection 1.400 
Seedling 0.097 
Ratoons 1.303 

Collecting 1.771 
Cutting 1.600 
Loading 0.171 

Raw material cost at the field's level 4.016 
Transport 0.821 
Raw material costs (on-company's production) 4.837 
Participation of suppliers' cane: 30% 
Price of suppliers' cane (after sales tax): 8.155 
Total raw material cost 5.832 

2. Distillation costs (US$/1) 
Raw material 0.078 
Industrial labour 0.011 
Materials and maintenance 0.017 
Depreciation/industrial plant 0.010 
Electric power 0.003 
Total direct costs 0.119 
Administrative and indirect costs 0.004 
Taxes and charges 0.003 
Total operating costs 0.125 

3. Opportunity costs (US$/1) 
Return on land 0.009 
Return on investment 

Buildings and physical infrastructure 0.014 
Machines and fleet 0.022 
Industrial plant 0.021 

Return on working capital 0.004 
Total opportunity costs 0.071 
Break-even revenue requirement 0.196 

4. Sources of revenue (US$/1, after sales tax) 
Hydrous alcohol 0.180 
Rind fibre (bagasse) 0.002 

Gross profit/loss (revenue minus operating 
costs) 0.057 

Net profit/loss (revenue minus total costs) —0.014 

Source: Zabel, op cit, Ref 12. 
Notes: 1. Base case: agricultural productivity 75t/ha; sucrose 
content (quality) 14 pol-%; industrial productivity 75/t; industrial 
efficiency (extraction, fermentation, distillation) 75%; stream 
factor (production period) 0.4; production capacity (cane 
crushed: 8 000 t/day) 600 000 1/day; number of cuts/vegetation 
cycle = 5. 

Zabel's simulated scenarios show the following results: varia-
tion of breakeven-revenue requirement ($/l, number of scenario 
in parenthesis): 

75 t/ha 82.5 t/ha 90 t/ha 

75 1/t (14%-pol/t 0.196 0.193 0.192 
industrial efficiency 75%) (base case) (s2) (s3) 

80 1/t (14%-pol/t 0.184 0.181 0.180 
industrial efficiency 80%) (s4) (s5) (s6) 

85 1/t (14%-pol/t 0.173 0.171 0.170 
industrial efficiency 85%) (s7) (s8) (s9) 

90 1/t (14%-pol/t 0.166 0.163 0.162 
industrial efficiency 85%) (slO) (sll) (sl2) 

1. The total private costs can be reduced from 0.20 to 0.16 US$/1 
(static analysis at a constant dollar rate, 3/86, 1 US$= 13.84 Cz$). 
2. Forecast for an overall cost reduction of approximately 17% in 
the middle term (by the year 2000), or 1.5%/year. 
3. Considering the official price for hydrous alcohol (3/86) of 0.18 
US$/1 and 0.002 US$/1 for rind fibre; break-even production 6 600 
litres/ha; compared to an existing present average yield of 5 847 
1/ha. 

The true cost of gasoline production in Brazil is difficult to 
determine (mainly because of the lack of an open information 
policy by the oil monopoly Petrobras, and also due to factors as 
domestic oil production, refinery profile, export of gasoline to the 
USA). 

1. Assuming the physical equivalency of substituting hydrous 
alcohol for gasoline of 1.25, current (1990) Rotterdam crude oil 
prices about 18 US$/bbl, and a ratio between gasoline and crude 
oil prices/bbl of 1.3 (which covers freight and refinery), even the 
most optimistic scenario would not presently be competitive, but 
would approach 30%. Actual motor gasoline price (regular 
unleaded, fob Rotterdam) of about 194 US$/t, equals 23 US$/bbl 
gasoline. 
2. Because of the uncertainties in the forecast of crude oil prices, 
it is difficult to make any predictions about the future actual 
competitiveness of fuel alcohol; mogas prices (regular unleaded) 
must reach 268 US$/t (32 US$/bbl), or 25 US$/bbl for crude oil to 
achieve economic viability. 
3. Considering two projections of CEC consultants, assuming a 
recovery and an unstable scenario, crude oil prices would rise to 
the level of 22 or 28 US$/bbl, respectively, in constant 1986 US$, 
by the year 2000. In the latter, fuel alcohol would become 
competitive within this time period, the former would approach 
10%. 

plications for the overall economics of ethanol pro-

duction. 

In 1989 proAlcool received severe criticism, with 

many voices calling for its reduction or even total 

d ismant l ing.
14
 The main reason was the sharp drop 

in oil prices which made alcohol fuel look like an 

expensive and even wasteful fuel. The situation was 

made worse when a severe shortage of alcohol fuel 

occurred in May 1989. Although the government 

blamed a drought in the northeast sugar producing 

regions for the shortfall, part of the crisis stemmed 

from bureaucratic and technocratic shortcomings. 

For example, fuel consumption was greatly stimu-

lated when prices were frozen by the Summer Plan 

(a Federal economic anti-inflation programme laun-

ched in January 1989) and by the stagnation of 

alcohol prices both of which discouraged the distil-

lers from producing more alcohol. 

The economic and strategic arguments which 

formed the cornerstone of the original programme 

no longer seemed to apply when viewed against 

current internat ional oil prices and the steady 

growth in Brazil's domestic petroleum production eg 

about 212 million barrels in 1988 at an estimated cost 

of $20/bb ν an 'estimated cost' of alcohol of $45/bbl 

according to Y o u n g .
1 5
 Government policies of main-

taining low alcohol prices relative to the cost of 

gasoline could be seen to have backfired as they 
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were not accompanied by sufficient incentives to 
expand alcohol production. 

This new reality faced the government with diffi-
cult policy choices. Some policy changes contem-
plated included a reduction in the alcohol content in 
gasoline from 22% to 1 8 % , a decrease in the retail 
differential between gasoline and alcohol from 60% 
to 7 5 % , and a proposed reduction in the manufac-
ture of alcohol powered cars to between 30 to 50% 
of all new vehicles. (See Table 1.) These last two 
measures posed the greatest long-term threat to the 
future of ProAlcool. 

In addition, the surge of sugar prices in the 
international market in 1989, and the shift by far-
mers to other more profitable export commodities, 
has shown the vulnerability of the programme to 
short-term market fluctuations. For example in 
1988, the government was forced to import 200 
million litres of methanol and ethanol to fill the fuel 
ethanol shortage. Whether the trend to lower use of 
ethanol-fuelled cars will continue, considering pre-
sent low oil prices and government 's at tempt to 
reduce subsidies for ethanol production is uncertain. 

Brazil's alcohol programme crisis has many inter-
national as well as domestic implications. Abandon-
ing ProAlcool, or even down-playing it, could mean 
a great increase in Brazil's capacity to produce sugar 
(Table 1) which could have serious implications for 
the world sugar t rade. If the entire sugarcane har-
vest, for example, were turned over to sugar produc-
tion, there would be a potential for producing over 
21 Mt of sugar. It was ProAlcool in part that pushed 
international sugar prices upward in the 1980s after a 
decade of slump. A new export policy would flood 
the international sugar market , which would have 
serious economic consequences for cane-growing 
developing countries which are already calculated to 
be losing $7 billion in sugar export earning annually 
as a result of t rade barriers in industrial coun t r i e s .

1 6 

Many of the problems with ProAlcool are blamed 
by the industry on two culprits: the Institute of Sugar 
and Alcohol ( I A A ) , which in June 1989 finally lost 
its 56-year monopoly over the country's sugar indus-
try, and Petrobras, the state oil monopoly. The first 
created a price production stalemate by not correctly 
evaluating price levels for sugarcane and alcohol; 
and, the second, with its long standing opposition to 
the alcohol programme, would not help if it could 
avoid it eg payment delay tactics to distillers which in 
an economy with very high inflation rates results in 
large financial losses to the alcohol p roduce r s .

1 7 

Petrobras ' opposition to ProAlcool stems from con-
cern with losing its monopoly of liquid fuel supply 
and also because the company made large invest-

Biomass Energy 

171 

ments in fluid catalytic crackers (large refining in-
stallations that convert residual fuel oil into lighter 
distillates, especially gasoline) which increased the 
proport ion of gasoline obtained from oil. This re-
sulted in large surpluses of gasoline which have to be 
exported at low prices. 

Overall , Brazil's success with implementing large-
scale ethanol production and utilization has been 
due to the combination of factors which include: 
government support and clear policy for ethanol 
production; economic and financial incentives; 
direct involvement of the private sector; technolo-
gical capability of the ethanol production sector; 
long historical experience with production and use of 
ethanol; cooperation between government, sugar-
cane producers and the automobile industry; and, a 
well established and developed sugarcane industry 
which resulted in low investment costs in setting up 
new distilleries. In the specific case of ethanol-
fuelled vehicles, the following could be cited: gov-
ernment incentives (eg lower taxes, and cheaper 
credit); security of supply and nationalistic motiva-
tion; and, consistent price policy which favoured the 
alcohol-powered car. 

Thus , although an outstanding technical success, 
ProAlcool ran into serious economic problems when 
oil prices unexpectedly plunged in the mid-1980s. 
The Brazilian experience with ProAlcool shows the 
inherent difficulty of long-term energy planning; the 
decrease in oil prices, which once seemed only a 
distant possibility, may render obsolete all the pro-
jections on which the plans were based. As Wei s s

1 8 

points out the dichotomy clearly: On the positive 
side, Brazilian energy planners enjoy a substantial 
buffer against any possible future energy shortage, 
an advantage the rest of the world may some day 
come to envy. But as things now stand, the ProAl-
cool Program appears today to be an expensive and 
impossible-to-cancel insurance policy against an un-
likely contingency'. 

Zimbabwe: the Triangle Ethanol Plant 

Zimbabwe is a good example of a country that has 
started to alleviate its liquid energy import problems 
by turning part of its efficient sugar industry to the 
production of fuel alcohol. An independent and 
secure source of liquid fuel was seen as a sensible 
strategy because of Zimbabwe's geographical posi-
tion, the politically vulnerable situation, and for 
economic considerations. Because of its landlocked 
position Zimbabwe had to import petroleum fuels by 
means of a pipeline from Mozambique, or by road 
and rail through South Africa. Both means of import 
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year. After nine years of operating experience, the 
expected output can be regularly achieved, or even 
exceeded as in 1986, when the plant produced 41.6 
million litres of alcohol. However , the need to 
supply the increasing demand for domestic sugar can 
limit the output of ethanol when the cane harvest is 
low. Severe drought in 1987 reduced the output of 
ethanol to 37.4 million litres, and similar production 
levels were forecast for subsequent years for the 
same reason. After the addition of a small amount of 
benzol for adulteration, the alcohol is blended with 
gasoline. Initially this was a 15% alcohol/gasoline 
mix, but due to increased consumption, the blend is 
now about 12% alcohol. This is the only fuel avail-
able in Zimbabwe for vehicles powered by spark 

. . on 

ignition engines. 
The area of land which would be needed to grow 

cane to provide enough alcohol to replace all im-
ported gasoline and meet domestic sugar needs (but 
with none for export) is about 52 000 ha. This is less 
than double the total area now planted to sugar 
cane, and represents only 0.2% of available agri-
cultural land in Zimbabwe. An alcohol programme 
that would power all Zimbabwe's cars with pure 
alcohol would not , therefore, necessarily compete 
for land with food crops. However , water for irriga-
tion would be a problem. 

Serious considerations have been given to the 
possibility of expanding both sugar and ethanol 
production. An integrated long-term plan has been 
drawn up allowing a flexible approach to changing 
variables. The expansion plan involves five phases 
the first of which starts with the opening of the 
Mushwe D a m in 1991, which will allow an extra 
3 000 ha of cane to be planted; the ethanol plant 
could be extended to 50 million litres/year if there is 
no appreciable increase in demand for sugar. The 
second phase is also dependent upon the construc-
tion of the Tokwe-Mukors i Dam (presently at the 
planning stage), which will increase substantially the 
water supply and will allow for a significant increase 
in the sugar growing area and eventually in ethanol 
production. 

Triangle has overcome the stilläge disposal prob-
lem by diluting the waste up to 200-fold with irriga-
tion water. After cooling in ponds, the water plus 
stilläge is applied as fertilizer to around 7 500 ha, 
about half of the sugar plantation. Although return-
ing stilläge to the land increases crop yields by 7 % , 
care has to be taken not to damage the soil's nutrient 
balance. The stillage-rich irrigation water at present 
provides all the necessary phosphates , and an excess 
of potassium. The total value of potassium as fertiliz-
er in Triangle's stilläge is estimated at $1.1 million 
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are subject to disruption. Petroleum imports account 
for 14% of Zimbabwe's energy use, and cost 18% of 
the country's foreign exchange earnings in 1984. The 
consumption of liquid fuel in Zimbabwe is relatively 
modest (but crucial to the running of a modern 
economy), with diesel now accounting for 5 5 % , 
gasoline 32% (and the remainder kerosene) of the 
country's total liquid fuel consumption. 

In November 1978, Triangle Ltd, a company 
involved in producing sugar and cotton, received the 
go-ahead to build a distillery at Triangle in south-
east Zimbabwe. Triangle farms 13 000 ha of irri-
gated sugarcane plantations. The production of alco-
hol began in March 1980. The plant cost $6.4 million 
at 1980 prices - the lowest capital cost per litre for 
any ethanol plant in the world. The plant was 
financed mainly by local capital (one strict govern-
ment condition was that foreign capital had to be 
recouped within six months by savings in foreign 
exchange) and home-based technology was required 
wherever possible rather than sophisticated equip-
ment from abroad. All decisions concerning the 
construction of the plant were made locally. After 
considering a number of options, it was decided to 
build a standard batch-type fermentation plant. This 
process requires that tanks are emptied and steril-
ized after each fermentation, but the plant can be 
operated by existing staff at the sugar mill. The 
design was produced by foreign consultants, but the 
construction was carried out in Zimbabwe by a local 
project team. The consultants provided technical 
assistance where necessary, but a remarkable 60% 
of the plant was fabricated and constructed in Zim-
babwe. Only specialist items such as plate heat 
exchangers, an air blower and instrumentation were 
imported. To ensure high standards, local welders 
were given special training. Few problems have been 
experienced so far; only the fermentation tanks have 
experienced corrosion problems. 

The distillery was attached to a pre-existing sugar 
mill capable of producing cane juice and molasses of 
varying purities and concentrations to suit the needs 
of both the sugar factory and the distillery. The mill 
is powered from sugar cane bagasse during the seven 
month cane crushing season, and coal for the re-
maining five months. It was designed to produce 
120 000 litres ethanol/day, with, on average, one 
tonne of sugar cane giving 125 kg of sugar and 7.5 
litres of alcohol. Triangle also buys in cane from 150 
local growers (small farmers and private companies) 
and molasses to supplement its own supplies. 

With a realistic 96% time efficiency, and operat-
ing the distillery for 24 hours per day 50 weeks of the 
year, production amounts to 40 million litres per 
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Table 3. Barrels of oil purchased per tonne of sugar, and price per tonne of sugar, 
January 1973 to December 1990. Index: 1975 = 100%. (In US$ as priced at the time). 

Year 
1973 1973 1975 1982 1984 1989 1990 1990 
(Jan) (Dec) (Average) (July) (Dec) (July) (July) (Dec) 

Barrels of oil per 
tonne sugar 76.6 43.8 41.9 

Compared with 1975 183% 105% 100% 
Sugar price $ tonne"

1
 230 224 401 

Compared with 1975 57% 56% 100% 

Source: Scurlock, op cit, Ref 20. 

5.1 2.8 19.4 16.8 9.5 
12% 7% 46% 40% 23% 
115 80 301 269 218 
29% 20% 75% 67% 54% 

each year. Alternative methods of making use of 
stilläge and wastes are also being investigated. One 
practical method of disposal, for example, is to use 
the liquid 'wastes ' to generate more energy by 
concentrating and then burning for heat and power 
generation. Alternatively, stilläge could be anaero-
bically digested to make biogas. 

Alcohol production in Zimbabwe reduces the 
amount of sugar available for export , and so reduces 
foreign exchange earnings. The sugar commodity 
market is notoriously prone to price fluctuations as 
can be seen in Table 3. In 1973 a tonne of sugar 
could buy 76.6 barrels of oil but only 2.8 and 9.5 
barrels in 1984 and 1990, respectively. However , 
about half of Triangle's annual sugar production of 
200 000 tonnes goes to the relatively unlucrative 
home market , and most of the rest is exported to the 
E E C under special t rade agreements at around 
$450/tonne. Any remaining sugar has to be sold on 
the world market . Zimbabwe's sugar has to be 
transported through South Africa for export , which 
reduces the price obtained by around $100/tonne. 
Scurlock et al

21
 discuss these economic factors in 

some detail. At November 1989 sugar and oil prices, 
ethanol cost fractionally more than imported gaso-
line. In August 1990 the price of gasoline was 
increased by about 50% since the country derived 
half of its oil from Kuwait. 

Zimbabwe has proved that a relatively small coun-
try can diversify its agro-industry, to become less 
dependent on the whims of the external oil and 
commodities market . The country has now gained 
considerable experience in the building of fermenta-
tion and biotechnological industries, and when the 
strategic advantage gained from greater liquid fuel 
self-sufficiency is taken into account, the balance is 
firmly in favour of home alcohol production. From 
the outset Zimbabwe has maintained both local and 
national involvement in decisionmaking at all levels. 
Zimbabwe has pioneered the production of fuel 
ethanol in Africa, and provided valuable experience 

for other countries wishing to diversify their sugar 
industry to include fuel production. 

The Pur a village biogas project in India 

In India there has recently been an emphasis on 
larger community sized digesters, of which there are 
around 25 now working nationwide. The Centre for 
Application of Science and Technology to Rural 
Areas ( A S T R A ) at the Indian Institute of Science in 
Bangalore has helped to build one such community 
plant in the village of Pura, some 200 miles west of 
Bangalore. Pura is a village of 430 people who 
together own 240 cattle. A S T R A initially thought 
that the manure from the village cattle could feed a 
biogas plant that would supply enough gas for all the 
village cooking needs, and the excess gas could be 
used for generating electricity for lighting and for 
pumping drinking water. 

The plant began providing gas in 1982, but there 
were serious problems. The digester did not supply 
enough gas to cook both daily meals for every family 
in the village. The gas would invariably run out just 
before the second meal was cooked. Fur thermore , 
anomalies became evident, eg small families who 
contributed little or no dung to the digester could 
manage to complete their cooking before the gas ran 
out. Although A S T R A had assumed that gas for 
cooking would be a priority, the villagers actually 
put clean drinking water at the top of their priorities. 
It was calculated that the digester could supply 
enough gas to power a generator to supply electricity 
which could then be used to pump water to a 
r e s e r v o i r . H o w e v e r , v i l lagers u n d e r s t a n d a b l y 
wanted assurance that people would supply dung 
before they handed over their own valuable dung, 
whereas the project wanted assurance that people 
would supply dung before they set up the water 
pump. There seemed no way out of this impasse, 
and the biogas project stopped in 1984. Other 
aspects of help by A S T R A in developing the village 
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reliable source of electricity - they were willing to 
take responsibility for the running of the digester, 
and ensuring that the benefits were distributed fair-
ly. Residents now realize that biogas has raised their 
standard of living by making their lives more com-
fortable, so they will ensure that the system is 
maintained; this is a good illustration of the meaning 
of sustainable development. The producer gas 
should be able to raise the standard of living in Pura 
still further. It could release some of the valuable 
biogas for cooking, for example, or provide power 
for local industries. There will be a direct incentive 
to villagers to grow wood and maintain the woodlots 
specifically to feed the gasifier. 

The Baringo project in Kenya 

The Baringo Fuel and Fodder Project (BFFP) oper-
ates in semi-arid, degraded land around Lake 
Baringo in central Kenya. Its long-term objective is 
to have the excessive erosion in the area by revege-
tating with trees which are valuable for fuel and 
fodder, and grasses useful for feeding livestock and 
for thatching. Rehabili tated areas will be managed 
locally by representatives from the families who live 
nearby and use the f ie lds .

23 

Not one project initiated in the Baringo area 
between the 1920s and 1960s appears to have sur-
vived. Some of these projects were initially success-
ful in revegetating the land, but they failed because 
there was no local management structure to take 
over when outside assistance came to an end. But 
the priorities demonstrated by development projects 
are not always those shown by the people of 
Baringo. E v a n s

2 4
 carried out a survey designed to 

determine the problems of the area as perceived by 
the people of Baringo. The results showed that the 
priorities of the local people were as follows: water 
for people; water for livestock; insufficient food; 
lack of job opportunit ies; lack of livestock markets; 
lack of veterinary advice. 

Food and water for people and livestock are a 
continuing problem for subsistence agropastoralists 
living in harsh semi-arid conditions. The importance 
given to livestock reflects their dependence on anim-
als for their livelihood. The high priority given to 
jobs indicates how important cash has become. The 
priorities of outsiders focuses on prevention of ero-
sion and rehabilitation of land, while that of local 
people centres on securing daily needs. 

The project has now functioned for over nine 
years, during which time it has developed social, 
managerial and technical strategies for rehabilitating 
denuded land. To begin with local people were 
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nevertheless continued. 
A S T R A tried to revive the project by suggesting 

that the generator could supply electricity for light-
ing. Less than half the 80 households are connected 
to the main electricity grid, which often does not 
supply sufficient electricity to power their fluores-
cent tube lights. However, the villagers were ada-
mant that they wanted water. The project duly set 
up eight public taps connected to a reservoir fed by 
the electrically-pumped water. Excess electricity was 
used to power domestic lights, for which the reci-
pients pay. Equity is maintained by keeping records 
of the weight of dung delivered and compost re-
ceived for each family. These records are displayed 
publicly for all to see. The system appears to work 
well. It is now managed by the villagers, who are 
planning to increase the number of lights in homes, 
and provide more water taps. One resident is quoted 
as saying T h e grid provides government power, but 
biogas provides people power, which is far more 
reliable'. 

Pura is now thinking of building a wood gasifier to 
provide producer gas as a supplement to its supply of 
biogas. Their gasifier would be similar to the suc-
cessful project in the nearby village of Hosahalli 
which provides electricity for lighting and water 
pumping. Hosahalli has established a 2 ha woodlot 
to provide the feedstock. This means growing trees 
on a small-scale to feed the gasifier; but worldwide, 
such tree planting schemes have generally been a 
failure, with a few notable exceptions such as euca-
lyptus plantations in Ethiopia. Fuelwood plantations 
have run into many problems; they rarely produce 
fuelwood itself as the wood is more valuable for 
other purposes such as timber and pulp; women, the 
collectors and users of fuelwood, rarely benefit from 
plantations because such projects tend to plant trees 
on land owned by the more well-off men; plantations 
can often reduce the quantity of fuelwood available 
to local people, as foresters tend to restrict access to 
planted areas and thus the wood is no longer a freely 
collected resource, and has to be paid fo r .

2 2 

In Pura, however, A S T R A is confident that the 
villagers will grow trees specifically for the gasifier, 
having seen a nearby success and themselves want-
ing more electricity for other tasks. It was possible to 
set up the biogas plant in the first place because the 
villagers had nothing to lose by participating in the 
project. Women already collected the dung for use 
as fertilizer; the project merely 'borrowed' this dung 
and returned an equivalent quantity of compost, 
which is perceived as an improvement on the origin-
al manure . Once villagers experienced the benefits 
of the gas - clean drinking water from taps, and a 



highly sceptical that anything could grow on such 
poor land. It was important to first demonstrate that 
the project could plant suitable trees and ensure 
their survival. 

In the first phase, therefore, the aim was to prove 
that it was technically possible to rehabilitate land 
with species that would provide basic resources. It is 
interesting that at this stage the project gave no 
quantitative estimates of what it would achieve over 
a given t ime, and neither of the donors (Beijer 
Institute, Sweden, nor the Netherlands government) 
stipulated such a requirement should be included in 
the project proposal. The initial aim was simply to 
prove that rehabilitation through planting useful 
species was possible. But planting 'useful' species 
implies that it is known what local people see as 
important daily requirements . 

As Chambers has said, 'outsiders should not 
assume that they know what poor people want, but 
should under take a persistent, patient exercise of 
asking them, and going on asking them, again and 
aga in . '

2 5
 The BFFP is fairly unique in having a 

sociologist who carries out socioeconomic studies to 
learn the views and perceptions of local people. This 
social research is seen as an integral part of the 
project, and has had an enormous impact on its 
activities. 

The project initially assumes responsibility for 
fields which it protects with fencing, and planting 
and maintaining the trees until they reach maturity. 
Local people then take over management of the 
fields to ensure that resources are harvested in a 
suitable manner . The project originally hoped that it 
would eventually become self-financing with the sale 
of products eg possibly charcoal. Experience has 
shown, however, that although local people can 
supplement their income from such sales, the money 
generated cannot match the costs of the inputs 
necessary for successful rehabilitation of the land. If 
it is necessary to provide economic justification for 
the project, then it is necessary to take into account 
the wider, beneficial environmental impacts. 

The BFFP has clearly demonstrated that revegeta-
tion is feasible in the Baringo District. The project 
will now move from this experimental stage into its 
second phase, and will use the knowledge and 
experience gained in phase one to rehabilitate larger 
fields, and greatly increase the area of land planted 
with trees and grasses each year. Dissemination of 
information, and the training of local personnel and 
others are also a high priority. 

To summarize, the aim of BFFP at the outset was 
to rehabilitate denuded land, while providing basic 
resources on an equitable basis for local residents. 

Biomass Energy 
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Unlike its unsuccessful predecessors, the initial work 
did not achieve quantifiable 'benefits ' , but was con-
cerned with developing methods and technology to 
prove that these aims were viable in collaboration 
with the local people while taking their priorities 
fully into account. The importance of this ex-
perimental phase cannot be over-emphasized. If the 
BFFP had declared the ambitious intention of plant-
ing a certain number of hectares over a given period 
to produce a predicted quantity of fodder and char-
coal, it would surely have failed to meet these goals. 
It is notable that it might have been much easier to 
obtain funding if the BFFP had made exaggerated 
p romises . W h e n , as is likely, these were not 
achieved, the project would then have probably 
been assessed a failure. Similarly, if the BFFP had 
forged ahead without understanding the needs of 
local people , it would not have gained the necessary 
local support . 

Only now, some nine years later, does the BFFP 
have an idea of what is possible (and the consider-
able problems involved), and can, therefore, make 
goals that it can at tempt to honour . This willingness 
on the part of the project to learn and to adapt has, 
of necessity, led to modifications of the goals and 
ideas to accomplish them. While the overall aim has 
remained the same, some of the original aspirations 
have changed. The ability to remain flexible, listen 
to suggestions and requests from local people, and 
learn from its mistakes is a fundamental reason why 
the BFFP has been successful so far. It illustrates 
how difficult it is to rehabilitate degraded land and 
that this is only feasible if it is socially acceptable in 
concert with the changing expectations, and also 
opera t ing within the existing political decision-
making process at all levels. Changes can be stimu-
lated but only with the realization that biomass is 
one part of the overall problem of the development 
within given environmental constraints. 

Conclusions 

These last two examples of the BFFP in Kenya and 
the A S T R A project in India highlight the import-
ance of social factors in energy programmes. At the 
same time as the social scene around Baringo is 
changing rapidly, the contributions from the anthro-
pological data, including information on past events 
in the histories of the ethnic groups in the region, 
allowed the BFFP to achieve a fuller understanding 
of the authority structures and social customs of 
local people . Such sociological knowledge makes an 
important contribution to the success of the BFFP. 
But the project has also realized that it cannot be 
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confined to the issues of fuel, fodder and environ-

mental rehabilitation. As a consequence, over the 

years it had become involved in many other areas of 

development including employment , particularly 

women, creating dams to provide water for the 

people and cattle, making rural roads, training, 

education, and social welfare. In the Pura area 

A S T R A has also been involved in social and de-

velopment issues. The problems encountered during 

the initial phase of the project were only overcome 

by listening to what the villagers said they needed. 

The project had to adapt to make the benefits be 

seen to be fair to all. Villagers also adapted by 

instituting a village committee to organize and admi-

nister the production of biogas, and the equitable 

distribution of the benefits. Pura had not had a 

village committee since before colonial days. 

Biomass is the world's fourth largest energy 

source and the main energy sources in many de-

veloping countries. With an increasing proportion of 

the world's population residing in developing coun-

tries, who usually lack fossil fuels and the easy 

means to import such fuels, it is essential that greater 

effort be put into producing and using biomass 

efficiently as a fuel; it is an available indigenous 

energy resource which can be readily upgraded at all 

stages of production and conversion. The unde-

served reputation of biomass energy as a poor 

quality fuel that has little place in a modern de-

veloped economy could not be further from the 

truth; biomass should be considered as a renewable 

equivalent to fossil fuels. If bioenergy were mod-

ernized much more useful energy could be extracted 

from biomass than at present, even without increas-

ing primary bioenergy supplies. 

There is a growing recognition that the use of 

biomass energy in larger commercial systems based 

on sustainable, already accumulated resources and 

residues can help improve natural resource manage-

ment. If biomass energy systems are well managed, 

they can form part of a matrix of energy supply 

which is environmentally sound and therefore con-

tributes to sustainable development as has been 

shown in the preceding case studies. 

*See for more details, D.O. Hall 'Biomass energy', Energy 
Policy, Vol 19, No 8, October 1991, pp 711-737. 
2
Ibid. 



Chapter 13 

Renewable Energy in Rural Areas 
of Developing Countries 
- some recommendations for a sustainable strategy 

Hussein M. Rady 

As analysis of the energy situation in rural areas 
in developing countries has shown that the major 
cause of the prevailing energy crisis is the short-
age of organic fuel (biomass). To cope with this 
crisis, therefore, technologies must be sought 
either to enhance biomass resources or to substi-
tute for them. As the majority of the population 
in rural areas are poor, the technologies applied 
should not only meet energy needs; they must 
also be geared to particular economic and 
sociocultural conditions. Technically efficient, 
decentralized systems for the utilization of re-
newable energy can help in this by raising the 
availability of organic fuel resources (biomass) 
and meeting the demand for higher quality ener-
gy. Despite their advantages, however, there has 
as yet been no widespread dissemination of these 
technologies. The main reasons for this are 
discussed, and some precepts are presented upon 
which, it is argued, a strategy for overcoming 
these obstacles should be based. 

Keywords: Rural development; Technology transfer; Renewable 
energy 

After four decades of Nor th -Sou th technology 
transfer, we are still a long way from finding satisfac-
tory solutions to the economic, social and ecological 
problems in developing countries. Progress in the 
energy sector has been particularly poor ,

1
 although 

development planners and strategists in the indus-
trialized and the developing countries alike agree 
that solving energy supply problems, especially in 

Hussein M. Rady is with the Research Institute for 
International Technical and Economic Cooperation, 
Aachen University of Technology, Henricistrasse 50, 5100 
Aachen, Germany. 

the poorer developing countries, would help over-
come many other development constraints. 

Admittedly, the availability of energy alone will 
not solve the development problems of the develop-
ing countries concerned. Nevertheless, insufficient 
energy supplies, or rather the insufficient availability 
of energy, has not only been a crucial impediment to 
urgently needed economic and social development, 
it has also caused irreversible ecological damage, 
which could in future take on larger and uncontroll-
able dimensions. Obviously, moreover , energy is 
essential for the economic and social development of 
those countries where the technical, material, insti-
tutional and human infrastructure is in the initial 
stages of development. 

The energy situation in most developing countries 
is in part paradoxical: on the one hand, there is 
insufficient energy available; on the other , the avail-
able energy is used wastefully and irrationally for 
lack of knowhow, which exacerbates the energy 
shortage. The technology applied to convert primary 
energy to useful energy, for example, is very ineffi-
cient; this is not only the case in private households, 
where fuelwood is directly burnt for cooking in the 
' three-stone stove' , but also in the conventional 
combustion of fossil fuel or in the thermal genera-
tion of electricity. In addition, in some countries 
with energy shortages, there are enough fossil fuels 
or renewable energy sources locally available, but 
they cannot be exploited, or at least not sufficiently 
exploited, or used, because their exploitation and/or 
utilization is uneconomic due to world market 
prices. 

Broadly speaking energy resources in the poor 
developing countries can be enhanced and secured 
by taking the following s teps:

2 

• Rational and economic use of the energy re-
sources available (applying more efficient 
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CAUSES AND IMPACTS OF THE 
RURAL ENERGY CRISIS 

Present and future energy needs in developing coun-
tries are generally different in urban areas from 
those in rural a reas .

3
 In urban areas, the bulk of the 

energy used is commercial energy, which is itself 
largely made up of petroleum products. The urban 
energy crisis is therefore best described as an oil 
crisis. By contrast, in the rural areas of developing 
countries, where the majority of the population still 
live, the largest energy consumption is of biomass in 
the form of fuelwood, dung (animal excrement) and 
crop res idue.

4
 Since the bulk of this energy supply is 

fuelwood, which has become increasingly scarce, the 
rural energy crisis has been called the fuelwood 
crisis. 

This so-called fuelwood crisis, which is mainly the 
result of ruinous exploitation and complete defore-
station, did not occur suddenly; it proceeded con-
tinuously and unobserved over the course of time. In 
the beginning, small clearings emerged on the out-
skirts of sett lements, small patches, which then 
grew, finally joining together; wood supply came to 
an end in the surrounding settlements and eventually 
even in whole regions, which had previously had a 
surplus of fuelwood. The fuelwood crisis - or, more 
broadly, the biomass crisis - was mainly caused by 
the following: 

φ rapid growth of the rural population, and the 
resultant increased consumption of fuelwood, 
or biomass; 

φ poverty of the rural population and the con-
sequent lack of purchasing power to pay for an 
alternative fuel; 

φ underestimation of the crisis and the over-
est imat ion of the means of containing it 
through (then) cheap petroleum (kerosene); 
and 

φ lack of or insufficient reafforestation and/or 
afforestation. 

These factors have resulted in a vicious cycle of 
resource depletion in rural areas of developing coun-
tries (Figure 1). 

As the declining wood yield of the forests could no 
longer meet the fuelwood requirements of the rapid-
ly growing rural population, instead of planting new 
trees, the population began to cut them down with-
out reafforesting. This uncontrolled overexploita-
tion caused extreme soil erosion and related im-
pacts, thereby exacerbating the dramatic shortage of 
fuelwood, which has totally disappeared in some 
areas. With the increased shortage of fuelwood, 
which had till then been regarded as common prop-
erty, the population searched for alternative energy 
sources that could meet their energy requirements. 
One of the alternatives found was to burn animal 
excrement - dung cakes - and woody crop residues 
(residues containing lignocellulose), such as cotton 
stalks, corn stalks and cored corn cobs. The in-
creased burning of dung displaced its use as an 
organic soil conditioner and/or fertilizer and thereby 
downgraded soil fertility. Lower soil fertility brought 
about lower agricultural yields ie a reduction in food 
and fodde r p r o d u c t i o n with its ensu ing con-
sequences: a food crisis and a decrease in dung 
production. 

In an at tempt to compensate for the low yield 
achieved per unit of arable land, farmland was 
simply enlarged. As arable land could not be en-
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energy conversion technologies to improve the 
efficiency of converting primary sources of 
energy into useful energy and by more rational 
utilization by the end consumer), 

φ Dissemination of modern, more efficient sys-
tems to utilize local renewable energy re-
sources mainly on the basis of: 
(i) decentralized small systems to keep costs, 

technology and environmental damage 
within manageable bounds; 

(ii) improved indigenous or traditional tech-
nology, and/or appropriate or modified 
imported technology to be produced local-
ly with indigenous materials and operated 
by native personnel where possible. 

φ Greater afforestation and reafforestation to 
raise the production of fuelwood. 

Φ Intensification of the exploration for and ex-
ploitation of fossil fuels to reduce dependence 
on imported fossil fuels. 

These and other measures can be carried out, of 
course, only where there is a suitable and operation-
al technical, economic and social infrastructure with 
sufficient capital and political backing. 

This paper addresses in particular the first and 
second of these broad requirements. It outlines 
some of the root causes of the existing energy crises 
in developing countries, and identifies some of the 
factors which are driving the situation. It then 
attempts to formulate some precepts upon which a 
strategy can be formulated for the dissemination of 
technologies and systems for a rational use of renew-
able energy in the extremely poor areas, bearing in 
mind in particular the economic and social condi-
tions that prevail. 
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Figure 1. Vicious cycle of biomass crisis in rural areas of developing countries. 

larged indefinitely, this expansion was at the ex-
pense of the forests and woodlands, initially in the 
valleys and eventually on the mountain slopes. What 
followed was a dramatic contraction of forest land, 
resulting in increased soil erosion, so that even more 
forests and arable land were destroyed. The effects 
were, among other things, a shortage of biomass and 
food and an ecological crisis (Figure 1). 

The decreasing agricultural yield also led to a 
reduction in the land used for fodder cropping and 
to a decline in agricultural byproducts, so that 
altogether there was less fodder for the livestock. 
Livestock consequently produced less dung, which 
was needed both to substitute for increasingly scarce 
fuelwood and as an organic fertilizer for the con-
servation and/or improvement of soil fertility, so 
that the drive intensified to create more farm land to 
compensate for the decreasing agricultural yield per 
unit. Equally less milk and meat were produced, so 
that the food shortage became increasingly acute. 

These many vicious cycles (fuelwood crisis - > 
ecological crisis - > food crisis), began with the 
apparently harmless shortage of fuelwood, but even-
tually spread to affect all rural activities. They 

highlight how serious the rural energy crisis and its 
consequences are; they threaten not only economic 
growth, but also the survival of the rural population 
in developing countries. 

POSTULATES FOR ENERGY 
PLANNING 

The following postulates provide both a brief outline 
of the energy situation in developing countries and 
also the starting point for energy supply planning 
generally and renewable energy planning in particu-
lar. 

0 Average energy consumption per capita in 
developing countries is in general lower than 
that in industrial countries, especially in rural 
areas. In future, therefore, a growing energy 
consumption can be expected over the entire 
spectrum of economic and social activities in 
both urban and in particular in rural areas. 

# The share of energy from biomass compared 
with the whole of primary energy consumption 

1 7 9 
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φ The need for fuelwood or biomass will con-
tinue to increase, even if its share of the total 
energy consumption diminishes with rising in-
come. 

φ The expected growth rate in demand for com-
mercial energy, especially for electricity, is 
higher in some areas than the growth rate in 
biomass requirements. But this should not 
create the mistaken impression that the supply 
of commercial energy is more important than 
the supply of biomass. 

• The current , comparatively low, oil prices have 
at best eased the fossil fuel crisis or oil supply 
to the developing countries, but they have by 
no means solved it. 

φ Energy supply and the related technologies 
have to date been more or less decided by 
women. This will also be the case for future 
energy supply, both in rural and urban house-
holds. Any energy strategy that does not ade-
quately account for the (disguised) power of 
women in the household will miscarry sooner 
or later. 

Φ Energy strategies implemented contrary to the 
opinions or convictions of local administrators 
in the urban power centres and/or provincial 
administrative bodies are also bound to fail 
sooner or later. 

φ Innovative systems to utilize renewable energy 
resources will only be accepted and applied in 
rural areas as envi ronmenta l technologies 
when they also address the present energy 
problems facing the rural population. 

TOWARDS A SUSTAINABLE 
ENERGY STRATEGY 

Given the energy situation as outlined above, the 
question that needs to be posed is how a rational 
system to utililize renewable energy sources can help 
meet present and future energy needs. First, it must, 
however, be taken into consideration that the new 
technologies for the utilization of renewable ener-
gies are at various levels of development .

7
 There are 

some well established technologies, where the teeth-
ing problems have now more or less been solved; 
others have already reached an advanced level in 
research, but still have to be practically tested as 
pilot plants. Finally, there are technologies which 
are in the early stages of research. It is evidently 
difficult, however, even for mature technologies to 
establish themselves on the market in the sense of 
widespread dissemination. There are several reasons 
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of the developing countries is over 5 0 % ; in 
some poor developing countries it is much 
higher .

3
 In general, the higher (lower) the 

income per capita, the lower (higher) the share 
of biomass energy in total energy consumption. 

φ The share of biomass in energy consumption in 
rural households is extremely high, in some 
areas as much as 100%. This biomass is gener-
ally burned in simple fireplaces eg the tradi-
tional ' three-stone stove

1
, with an efficiency of 

only about 10%. 
# The utilization of renewable energy sources in 

rural areas of developing countries is not new. 
To date, such sources have been exploited 
using traditional, simple and inefficient tech-
nologies. What is new is the introduction of 
technically efficient systems that enable renew-
able energy sources to be used more effectively 
than hitherto and to be converted into high-
quality energy, which was not possible with 
traditional technologies. 

Φ Electrification in rural areas is extremely low.
6 

Where a village is registered as being con-
nected to an electricity grid, this is by no means 
an indication that the majority of the house-
holds in this village are supplied with electric 
power. Frequently, only a few communal faci-
lities in the village have electricity. 

Φ In rural households that can afford subsidized 
electricity, electrical energy is mainly used for 
lighting and for powering such appliances as 
radios, televisions, irons, hair-dryers etc thus 
improving quality of life, but seldom providing 
basic energy needs. 

φ For reafforestation and afforestation, consider-
able capital and an operational infrastructure is 
needed with tree nurseries to provide cuttings, 
seedling, plant, tend and protect saplings; but 
also, the trees take time to grow and provide 
fuelwood. 

Φ It is often not economically viable to supply 
rural and remote areas with grid electricity, 
because the necessary investment costs are 
beyond the financial resources of these coun-
tries and because the energy consumption, or 
rather the density of energy throughput , in 
these areas is far too low for a grid system. 

Φ Petroleum as an imported energy source does 
not pose a long-term solution because of price 
fluctuations and shortages. 

• Energy consumption in low-income developing 
countries as a whole and per capita will in-
crease at a rate higher than that of the gross 
national product as a whole and per capita. 



for this, such as the relatively high initial investment 
(capital cost), misgivings as to reliability and cost 
effectiveness, insufficient familiarity of the native 
technicians and craftsmen with the technology con-
cerned, insufficient awareness of the advantages of 
these technologies, lack of training, especially in 
environmental conservation and appropriate tech-
nologies, and an absence of understanding on the 
part of the political decision makers about the 
possible role and contribution of renewable energy. 

Questions of economic cost effectiveness and the 
problems of financing are discussed in some detail 
below. First, however, I want to set out several aims 
which I believe a sustainable energy supply strategy, 
wishing to satisfy energy needs in rural areas, must 
pursue. 

φ It must meet present and future demand for 
biomass as a traditional energy in the form of 
fuelwood, charcoal, dung and crop residue. 

# It must substitute imported energy, such as 
petroleum, with indigenous renewable ener-
gies. 

# It must also ensure rational and economic use 
of imported petroleum, especially in the oil 
fired thermal generation of electricity. 

φ In areas where the supply by means of conven-
tional energy systems is not economically feas-
ible, is insecure and/or impracticable for other 
reasons, decentralized energy systems should 
be applied for the rational use of local renew-
able energy to meet the energy needs. 

In fulfilling these aims a variety of technological 
options are of course available, including the follow-
ing: 

• a higher efficiency in the direct burning of 
biomass when preparing food eg by substitut-
ing the traditional ' three-stone stove

1
 with im-

proved or more efficient ovens; 
φ a higher level of efficiency in converting wood 

to charcoal; 
φ agricultural byproducts ie field and crop re-

sidues, can be converted into biocoal, hence 
substituting charcoal production. 

φ dung can be used as a source of energy and as a 
fertilizer and/or soil conditioner: this is made 
possible by using biogas technology in which 
the excrement can be decomposed via anaero-
bic fermentation into a gas mixture (biogas) 
made up of two-thirds methane and one-third 
C 0 2 , while retaining nearly all nutrients and 
soil conditioners in the fermentation s ludge;

8 

• biomass production can be raised by means of 
reafforestation and afforestation, especially 
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with fast growing trees, which ideally grow in 
soil little suited or unsuited to agricultural use 
(food product ion); 

φ solar thermal systems eg to heat water, dry 
agricultural products , desalinize water, for 
cooling purposes etc; 

φ photovoltaic generators for small and average 
power ranges, up to 10 KW eg for lighting, 
cooling, water pumping and even for fully 
decentralized rural electricity supply; 

φ wind converters to pump water and generate 
electricity etc; 

φ hydroenergy to generate electricity etc. 

There are , then, a multiplicity of options for raising 
energy resources and a strategy for a sustainable 
energy supply should accord those options prece-
dence that meets needs at the lowest cost for society. 
It is generally better for the environment and the 
economy to enhance energy resources by using the 
available sources more efficiently than by creating 
new ones. In their efforts to enhance or secure 
energy resources, therefore, the developing contries 
should accord higher priority to technologies for the 
more efficient utilization of the resources available 
than to those for the production of new forms or the 
provision of new sources of energy. The frequently 
encountered argument that because developing 
countries consume comparatively little energy they 
can also save little, does not detract from the relative 
advantage of technologies that use energy more 
rationally. This holds in particular for the neediest 
sections of the populat ion, who burn fuelwood 
directly in traditional ovens with an efficiency of 
some 10%. If through improved technology the 
efficiency of traditional wood burning could be 
improved by, say, a mere 5 percentage points (ie 
from 10 to 15%), the improvement would raise 
fuelwood energy resources in rural areas worldwide 
by 5 0 % . A comparable result by means of afforesta-
tion would entail considerable capital investment 
and knowhow and take a long time until the saplings 
can provide the requisite fuelwood yield and also 
until the countless cuttings can themselves be pro-
vided. Both approaches must, of course, be adopted 
in the long run, but the technology to improve the 
efficiency of traditional fuelwood burning is likely to 
be quicker and cheaper both to disseminate, and in 
satisfying energy needs. 

Apar t from a few exceptions, indigenous energy 
resources are mainly based on renewable energy; the 
costs of transferring and distributing energy are 
generally lower the shorter the distance between 
producer and consumer; energy density in rural 
areas is generally comparatively low. These are ideal 
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repayment problems, if he has not accumulated any 
savings or if unforeseen circumstances place addi-
tional burdens on his finances. Prior to the invest-
ment , he could have cut down on his energy con-
sumption so as to adapt or to use the money saved to 
pay for other expenditure, but after purchasing the 
system he cannot do this: saving renewable energy, 
with its low or zero running cost, does not place any 
additional capital at his disposal. 

Somehow, raising capital must be facilitated. By 
means of appropriate financing models, potential 
users barred access so far to the relatively high initial 
investment capital can be included in the user group. 
There are several conceivable ways of circumventing 
the high initial investment capital to the user. 

Since the average potential user is more prepared 
or better able to pay fees rather than to invest 
capital, a possible approach might be for the govern-
ments in the developing countries concerned to 
instal renewable energy systems in villages, photo-
voltaic systems and/or biogas plant for example, and 
run these against payment, by charging for the 
electricity or gas used. This means that governments 
or other institutions in charge of energy supply 
should invest in and run systems for the utilization of 
renewable energy or act as suppliers of renewable 
energy against adequate payment. 

Another conceivable approach would be to have 
the energy supply enterprises pay in advance for the 
renewable energy systems and have the user repay 
the initial outlay in instalments from the savings 
made in fossil fuel. This would only work if using 
renewable energy actually saved on fossil fuel; ex-
perience with individual cases shows that wealthier 
users tap renewable energy as an additional source ie 
when the wealthier section of the population use 
modern renewable energy systems, instead of saving 
fossil fuel, total energy consumption is raised. Leas-
ing such systems could also help promote their 
dissemination. The systems could be subsidized in 
the introductory phase, although such subsidies 
should not exceed the anticipated economic benefit. 

A frequent economic shortcoming of modern sys-
tems for the use of renewable energy is that the 
production cost per unit is usually higher than the 
price for the same unit derived from alternative 
fossil fuels, which are as a rule subsidized. Generally 
speaking, the economic competitiveness of renew-
ables can be improved in a variety of ways, 
including:

10 

Φ reducing the production costs; 
Φ improving the technical performance or effi-

ciency; 
Φ abolishing subsidies and other benefits for 
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conditions for applying decentralized energy systems 
to utilize the renewable energy sources available. 

Obstacles and constraints 

Serious constraints on the dissemination of renew-
able energy technologies and energy-efficient tech-
nologies remain, however. Like other innovations, 
new and improved technologies for the use of renew-
able energies are frequently caught up in a chicken 
and egg dilemma. As long as these energy technolo-
gies are not produced on a large scale they cannot 
compete with conventional technologies on the mar-
ket. As long as there is no secure market , potential 
producers will invest capital neither in the manufac-
ture nor in the development of these technologies, 
whatever their social or environmental benefit. 

The main constraints to development of renew-
ables in developing countries are economic, in par-
ticular the relatively high initial investment capital 
involved, and the disparity between economic viabil-
ity and the population's low purchasing power. 
These financial obstacles will only be overcome by 
means of a specifically targeted national economic 
strategy. Although it is beyond the scope of this 
paper to provide a comprehensive strategy (indeed it 
is probably not possible to provide any meaningful 
common strategy given the diversity of situations), I 
would like briefly to highlight some basic facts 
concerning the situation and some underlying pre-
cepts for such a strategy, in particular, where econo-
mic and financial constraints are concerned. 

The main obstacle to employing efficient renew-
able energy systems to satisfy the basic energy needs 
of the mass of the rural population is their absolute 
poverty; the poorer this population, the more diffi-
cult it is to introduce technical innovations, let alone 
to disseminate them on a commercial basis. Also, 
efficient energy systems are generally conditional on 
property and monetary income; these conditions are 
only partially met or are quite absent in a poor 
subsistence economy. These constraints should not, 
however, be understood to mean that efficient sys-
tems to use renewable energy are not suited to the 
rural poor and hence unable to contribute much to 
improving rural energy supply.

9 

Raising capital 

Renewable energy systems are usually capital inten-
sive. A viable financing model which can also be 
applied under adverse conditions is vital for the 
majority of potential users in the rural areas of 
developing countries. One reason for this is that 
when a potential user with relatively low monetary 
income buys a system on credit, he can face serious 



competing fossil and alternative fuels; and 
Φ using the saved subsidies from fossil and/or 

alternative fuels to help purchase renewable 
energy systems. 

In particular, renewable energy could be made more 
economically viable by adding the social costs incur-
red by fossil fuels to the p r i ce .

1 1
 This applies not only 

to the damage caused by emissions, climatic changes 
as a result of C 0 2 , but also and in particular the 
overall economic and social damage caused by the 
import of this energy. Such damage can only be 
roughly assessed and attributed to the perpetrators , 
but any price adjustment in the right direction is 
desirable and war r an t ed .

1 2 

For all the possible or justified demands for 
suitable financing facilities, we must bear in mind 
that many countries in the Third World are unable to 
supply their own populations with food, so that 
governments are hardly in a position to provide 
large-scale financial support . Without outside sup-
port, via bilateral and/or multilateral technical and 
financial assistance, therefore, the scope for a rapid, 
widespread dissemination of modern systems for the 
utilization of renewable energy is, by definition, 
severely restricted. 

In countries lacking capital, investments must, of 
course, be measured against the yardstick of econo-
mic efficiency or profitability. If, however, the con-
cern is to satisfy basic needs ie the population's basic 
energy requirements , the economic aspect should 
not be the sole criterion, nor should it be the 
predominant decision making consideration. As ex-
perience has shown, long-term forecasting of price 
trends, especially in the energy sector, is beset with 
high risk and a number of uncertainties, so that 
economic reasoning alone in long-term energy 
strategy will not guarantee improved energy supply 
in the future. This does not invalidate economic 
efficiency as a criterion, but it does place limits on its 
scope. 

CONCLUSIONS 

This paper has addressed the underlying causes of 
the rural energy crisis in developing countries and 
laid out some of the conditions under which the 
implementation of renewable energy technologies 
must operate . It has highlighted some of the econo-
mic and social conditions governing the success of 
such initiatives. 

Whatever the importance of the criterion of eco-
nomic viability, its application as a sole criterion to 
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the use and dissemination of modern renewable 
energy has its limits. In particular it relies on an 
adequate , competitive market and a level playing-
field for renewables. Where renewables compete 
against imported energy generated by a technology 
that was massively subsidized in earlier years and is 
now produced on a large scale by a mature techno-
logy, the comparison is unlikely to favour renew-
ables. Given the long-term environmental impacts of 
fossil fuels, and the social and environmental value 
of decentralized renewable systems, however, this 
kind of economic balancing is unlikely to lead to 
long-term sustainability. 

If the energy source to be substituted has no 
market price, as is often the case, for example with 
fuelwood and/or dung, the economic feasibility cal-
culation can only be made on the basis of shadow 
prices or opportunity costs of the substituted energy 
sources, which are difficult to ascertain and/or 
verify, so that the outcome of the calculation in such 
cases is beset with uncer ta in t ies .

1 3 

Economic factors are important , therefore, but 
should not override the long-term social and en-
vironmental value of disseminating renewable ener-
gy technologies. Where the concern is to satisfy the 
basic needs of the poorest section of the population, 
humanitarian criteria should replace economic ones. 
To ensure, however, that scarce capital is put to 
effective use, priority should be given to systems that 
constitute an improvement on traditional technolo-
gies. For example, if to date ' three-stone stoves' 
have been used, the population should be provided 
with better , more efficient stoves. 

Where possible, a strategy for improving and 
securing energy supply should not be based on 
energy imports, but rather on self-sufficiency in 
energy. This self-reliance should not be confined to 
energy resources alone, but should also include the 
requisite technology and technological infrastructure 
for the conversion and utilization of these energy 
resources. This means that, wherever possible, a 
renewable energy strategy for developing countries 
should avoid replacing or substituting the current 
heavy dependence on petroleum imports with a 
dependence on imports of capital intensive and 
highly sophisticated technical equipment . 

The most effective dissemination can be achieved 
initially by improving traditional technologies or by 
means of technologies based on traditionally avail-
able knowhow and not by ousting or replacing 
t h e s e .

1 4
 The improvements aimed at bringing tan-

gible benefits to the user should be attained without 
placing heavy demands or claims on him or her ie 
without completely disrupting his or her way of life 
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ways in the household eg for cooking and lighting, and on the 
farm, eg fuel for pumps and tractors, generating electricity or 
preparing animal fodder, biogas technology not only substitutes 
the direct burning of dung, thus contributing to the preservation 
and maintenance of soil fertility, but also substitutes the direct 
burning of fuelwood and crop residues, thus also helping to 
conserve forests/woodland. Furthermore, biogas can substitute 
for kerosene in rural households and diesel on farms, which 
contributes towards self-sufficiency in high quality energy and to 
easing the trade balance. 
l )
lndeed, financial obstacles to renewable energy technology 

dissemination are by no means restricted to developing countries. 
U)
Op cit, Ref 1, pp 473-482. 

" O . Hohmeyer, 'Renewables and the full costs of energy', 
Energy Policy, Vol 20, No 4, April 1992. 
1 2

The frequently voiced demands for subsidies for modern renew-
able energy systems without changing price policy towards fossil 
fuel poses problems and could be detrimental to the image of 
renewable energies as a cheap source of power for the economy 
and the environment. The use of renewable energy should not 
therefore be made artificially cheaper than its actual cost; rather, 
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costs or improving system efficiency. 
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and customs. Despite the prevailing poverty and the 
resultant scepticism towards every innovation, it is 
possible to introduce certain, simple but efficient 
and effective technologies in subsistence and poor 
societies and this is easier the closer these technolo-
gies are geared to the people and their needs as well 
as their economic, technical and social conditions 
and not vice versa. 

'See G. Foley, 'Renewable energy in Third World development 
assistance', Energy Policy, Vol 20, Nos 4, 5, 1992; see also H.M. 
Rady, Regenerative Energien für Entwicklungsländer (Renewable 
Energy for Developing Countries), Nomos Verlagsgesellschaft, 
Baden-Baden, 1987. 
2
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den Entwicklungsländer' (Strategy for rural energy supply in 
developing countries), Zeitschrift für Energiewirtschaft, Vol 15, 
No 4, 1991, pp 258-266. 
3
See, for more detailed discussions P. Pearsons and P. Stevens, 
eds, Energy and the Third World, Special Issue, Energy Policy, 
Vol 20, No 2, 1992. 
4
In some areas where no forest is available eg Egypt, the main 
source is dry crop residue, cotton and corn stalks. 
5
See D. Hall, 'Biomass', Energy Policy, Vol 19, No 9, 1991. 

6
G. Foley, 'Electrification in the developing world', Energy 
Policy, Vol 20, No 2, 1992. 
7
See Energy Policy, Special Issue, Renewable Energy, Vol 19, No 
9, 1991. 
Considering that the biogas obtained can be used in numerous 



Chapter 14 

Renewed Prosperity for the 
Country Boats of Bangladesh 
Colin Palmer 

The country boats of Bangladesh provide a vital 
transportation network in a country of water-
ways and regular flooding. Traditionally they 
have relied exclusively on renewable energy in-
puts for their motive power. In recent years they 
have suffered severe economic decline due to 
competition from trucks and buses running on 
new road systems. This decline has been reversed 
by the use of small diesel engines for propulsion. 
The boatmen are now enjoying renewed prosper-
ity and enhanced social status, changes which 
could not have occurred if they had continued to 
rely on renewable energy sources. 

Keywords: Transport; Wind power; Biomass 

There was a time when traditional village life in 
Bangladesh might have been seen as an ideal model 
of a sustainable low energy existence. People were 
prosperous and all their energy inputs came from 
renewable sources, there was little waste and most 
things were recycled in one way or another . 

This view can be supported by extracts from the 
pages of a fascinating report by J .C . Jack, of the 
Indian Civil Service.

1
 In describing life in Bang-

ladesh (then East Bengal) at the turn of the century, 
he said T h e life of a cultivator in Eastern Bengal is 
in many ways a very happy life. Nature is bountiful 
to him, the soil of his little farm yields in such 
abundance that he is able to meet all his desires 
without excessive work' . 

One striking point about Jack's account is that in a 
section where he provides an analysis of family 
budgets, no mention is made of firewood or trans-
port costs. Presumably all the wood that was needed 
for cooking was so readily available that it cost 
nothing and life was so self-contained that transport 
other than walking was unnecessary. 

Colin Palmer is a Water Transport Consultant, 31 Avenue 
Road, Southampton, S02 1AR, UK. 

Although not specifically mentioned by Jack, the 
main communication between the villages, other 
than by foot would have been boats. Bangladesh is a 
country of waterways and in the past they were 
almost the only means of long distance travel as well 
as providing a vital rural transport network. Even 
today, fewer than 2 5 % of villages are directly served 
by road, with the remainder being reliant on boats or 
access on foot. 

The traditional role of country boats 

Historically the country boats were a relatively 
prosperous sector of the rural economy.

2
 The boat-

men were a proud and independent group with 
strong identities and respected positions in society. 
They lived a life that was self-sufficient and indepen-
den t . Typically, they were free-ranging ent re-
preneurs who traded goods from one part of the 
country to another . They had the social standing that 
enabled them to obtain cargo on credit and take it to 
far off markets where they judged that it could be 
sold at a profit. 

Their main sources of income were these profits 
on the goods which they t raded. Their boats were 
simply the tools that they used to carry on this 
business. The upper limits to their incomes and 
prosperity would have been strongly linked to the 
credit which they could secure and their abilities as 
traders and businessmen. Their abilities as boatmen 
were secondary. They lived much more from the 
power of their intellect and social standing than from 
the power of their bodies. 

The propulsion of the boats relied entirely on 
renewable energy inputs. The wind, the river current 
and the power of the crew to row or pull the boat 
from the bank. As the boat owner also owned the 
cargo, he could be the judge of how fast they should 
travel and how hard they should work. In this way, 
they could control how much of their own effort they 
expended and how much they waited for nature to 
provide. 

185 
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cient ways of using the renewable energy inputs to 
the boats. This involved proposals for improved sails 
and sailing techniques as well as techniques for more 
efficient rowing. Great emphasis was placed on the 
employment generation that would result from the 
continued use of these labour intensive methods. 
Most recently, this solution has also had the addi-
tional appeal of the environmental benefits associ-
ated with the use of renewable energy sources. 

It is easy to understand the reasons for reaching 
these conclusions. The traditional sails are an im-
pressive sight and under the right conditions they 
can produce a good turn of speed. True , they may 
appear antiquated when compared to the sharp 
triangles of modern racing yachts, but it is then a 
logical step to think that if the country boats were to 
adopt this technology they would be transformed 
into the same efficient sailing machines. Similarly, 
traditional rowing appears crude and wasteful to 
eyes accustomed to slender rowing shells complete 
with sliding seats and sculptured oars. 

Unfortunately the reality is very different. For 
wind propulsion to work, there must be wind, but 
the winds of Bangladesh are generally very light and 
fickle.

9
 No amount of high technology will overcome 

this fact. For rowing to work, there must be adequ-
ate muscle power. All other things being equal this is 
primarily a function of the number of men who can 
pull on the oars. For a boat operator , more men cost 
money. 

Wind power 

The winds in Bangladesh are light. Data published 
by K h a n

1 0
 indicates that in many places the annual 

average wind speed is much less than five knots. 
Wind roses for the country also indicate periods of 
calm ranging from 10% to 90% of the t ime, depend-
ing on the location and season. Figures of the order 
of 30% to 40% are very common. Calculations have 
been made of the potential sailing performance of 
typical Bangladesh b o a t s .

1 1
 The physics behind these 

calculations cannot be described here , but are very 
well covered by M a r c h a j .

1 2
 One very important 

feature is that the speed of the boat varies not only 
with the wind speed but also with its direction 
relative to the direction in which the boat wishes to 
travel. 

It is, for example, impossible for any sailing rig to 
carry a boat directly into the wind. Even the most 
efficient racing yacht cannot sail within 35 degrees of 
the wind, so there is a 'dead

1
 sector of at least 70 

degrees where they have to make progress by zig 
zagging back and forth - the slow process called 
tacking. For the traditional boats of Bangladesh, this 
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Changing times and increasing poverty 
Now times have changed. The boatmen 's enviable 
economic independence has been eroded and their 
position in society has diminished. Their commercial 
power has been reduced so they have become heavi-
ly dependent on others as they have progressively 
lost control over the sources of their livelihoods. 
There are many historical reasons for this, details of 
which can be found in sources such as Greenhi l l

3
 and 

Jansen et al.
4
 The overall characteristics of the 

change are those of a once closed economic system 
being subjected to external forces beyond either its 
control or understanding. With the rise of world 
t rade and economic in terdependence , the rural 
transport of Bangladesh has become subject to the 
vagaries of world markets . More direct influences 
have been the rapid rise in the price of raw materials 
for boats (wood) due to deforestation and export 
demand. At the same time they have experienced 
increasing compet i t ion from heavily subsidized 
roads and government-backed water transport op-
erations. 

Whatever the reasons, recent studies, particularly 
Kvam

5
 provide graphic evidence of their outcome. 

The great majority of boatmen now make their 
living by wage labour. Many boats are now owned 
by absentee owners, but even the remaining owner-
operators mostly hire out their boats to carry goods 
that belong to others. All that they sell is the 
cargo-carrying ability of their boats. This relies 
heavily on their human labour as it can be no more 
than the product of the capacity and speed. The 
average speed is highly dependent on the amount of 
hard labour that the crew can provide whilst the 
capacity is fixed by the size of the boat. 

The upper limit to their income is therefore much 
reduced. It is determined only by the carrying power 
of their boat and is thus limited by the level of 
human power inputs from the crew. 

Thus, in common with many rural people in 
modern day Bangladesh, they have been reduced to 
selling their labour. Like agricultural day labourers, 
they sell the renewable energies of their bodies in an 
economy which offers little scope for their intellect 
and which accords them very lowly social status. 

The renewable energy solution 

These problems which are facing the boatmen have 
been studied by many consultants both from within 
Bangladesh and outside, eg Gifford and H o w e ,

6 

K h a n ,
7
 and Jansen .

8
 During the 1980s the conven-

tional wisdom (amongst non-boatmen) was that the 
best technical solutions lay in developing more effi-
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Figure 1. Variation of boat speed with wind direction 
(assumes constant wind speed of 6 knots). 

dead sector frequently extends up to almost 90 
degrees either side of the wind direction. This means 
that they can only sail when the wind is from the side 
or behind and so can make virtually no progress at 
all towards the direction of the wind. The combined 
effects of these influences is to make the input from 
the wind highly variable and unpredictable. 

There are technical modifications which can be 
made to improve the sailing performance. In 1985 
they were demonstrated on a boat called N O A M I 
l .

1 3
 This traditional country boat was equipped with 

the modified sails and lifting keels. In typical Bang-
ladesh wind conditions, the sails could produce the 
power of eight or 10 oarsmen when the wind was 
from the side of the boat . (A boat of this size would 
have a crew of five, so the sails gave significantly 
more speed than the combined efforts of the crew on 
oars or tow lines.) The effectiveness of the sails 
reduced in other wind directions, down to only two 
or three oarsmen when it was least favourable. 
However, unlike most traditional country boats , 
N O A M I 1 could make progress in any direction, 
either directly or by tacking. 

The experiment undoubtedly showed that there 
was technical potential for improving the way that 
the renewable energy from the wind could be used. 
Figure 1 shows the predicted sailing speed of 
N O A M I 1 before and after modification. It presents 
the speed as a function of the direction of motion of 
the boat relative to the wind direction. It can be seen 
that even for the modified boat , the variability in 
speed with direction is still considerable. 

Human power 

A fit, well-fed human being can produce an average 
power output of 150 to 200 watts. The difference in 
efficiency between the normal rowing methods in 
Bangladesh and a technically improved design could 

Country Boats of Bangladesh 

187 

perhaps be 5 0 % . In other words, for a crew of four 
oarsmen, their output might possibly be increased to 
be equivalent to six men. 

At face value these potential improvements due to 
bet ter use of the renewable energy sources of wind 
and human muscle power are promising. They can 
be shown to offer the possibility of increasing the 
speed of the boats by perhaps 50% to 100%. As the 
earnings of the crews could be predicted to increase, 
their economic decline might be halted without 
paying a heavy price in energy inputs. 

The boatmen s reactions 

Fortunately for their prosperity, the boatmen were 
not included in the development of these ideas, so 
they did not waste precious time and resources on 
experimenting with trying to make better sails or to 
improve their centuries-old techniques of rowing. 
What they were doing was what they had been 
saying they wanted to do all along - to fit engines to 
their boats. 

Two particularly crucial points had been missed by 
most of the expert studies, but were starkly apparent 
to the boatmen: 

1. The sector was losing out rapidly to trucks and 
other land-based transport systems. It was a 
matter of survival that they found a way to 
increase speeds by many times, not just 50%. 

2. The traders who hired their boats were as 
interested in predictability as speed. The un-
predictable increase in speed that would result 
from improved sailing performance was of 
little interest to them. They wanted to be able 
to specify the day when the cargo would arrive 
- for example to coincide with a market day. If 
the day was missed, the cargo would have to 
wait a week or be sold at a reduced price. 

The boatmen knew their only chance of survival was 
to use diesel engines. Their problem for many years 
was money. Due to taxes, the price of suitable 
engines was generally out of their reach so in the 
early 1980s they made do with second hand engines 
of many different types. More recently a combina-
tion of increasing confidence in the returns from 
investing in an engine and the availability of low cost 
engines from China has resulted in an explosion in 
the number of mechanized boats. 

The rise of diesel engines 

From an almost insignificant number of mechanized 
boats reported in J a n s e n ,

1 4
 the proport ion today has 

risen to more than 80% in some locations. Overall 
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Quick transport is possible, a distance of 6 days can be 
covered in one day 

It can save us from pirates and storm 

The traders prefer engine boat. The trip which we cover in 
four days, now can be covered in a day 

Ease of securing cargoes, increased safety and grea-
ter status might be a summary of these views. The 
comments about trip time reveal that average trip 
speeds have increased by factors of 4 or 6 - a far cry 
from the 50% speed increase that was predicted for a 
boat making the best possible use of renewable 
energy sources. 

Costs of mechanization 

The engines now used on the boats are simple 
Chinese diesel engines that were developed for 
agricultural use. It is indicative of the inventiveness 
of the boatmen that they have evolved ways of fitting 
them to boats and connecting them up to shafts and 
propellers with flexible couplings. A complete in-
stallation may cost T k l 5 000 ($425). To put this in 
perspective, just the mast needed for a traditional 
sailing rig can cost TklO 000. The sails and rigging 
double this figure. A new boat is in the range of 
Tk50 000 to TklOO 000. 

Thus the fitting of an engine adds less than 30% to 
the cost of a new boat. Most striking of all, it costs 
significantly less than a new sailing rig. 

Economic benefits 

From the boatmen 's point of view, the fitting of an 
engine brings great financial benefits as well as the 
practical advantages of greater safety, less drudgery 
and enhanced status. It has already been mentioned 
that traders prefer mechanized boats - not that they 
will pay much of a premium, but they give much 
greater preference to hiring mechanized boats. This 
means that mechanized boats get more cargoes and 
can make use of their increased transport capacity. 

From analysis of the field interviews reported by 
K v a m ,

1 8
 it has been possible to deduce that the gross 

i n c o m e for an a v e r a g e b o a t i n c r e a s e d from 
T k l l 500/month to Tk20 500. It is tradition on the 
country boats that the crew's food is paid from the 
boat 's income and that they are also paid cash sums 
calculated as a constant share of these earnings. 
Other shares go to the owner. 

The effect of the share system was that the crew of 
non-mechanized boats were each paid an average of 
Tk685/month. After the fitting of an engine, the 
percentage share which they received actually de-
creased, but since the total was bigger the actual sum 
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the average is around 60% and is increasing by the 
d a y .

1 5
 These numbers represent considerable econo-

mic activity as well as rapid social and technical 
change. All the engine installations have been car-
ried out by the boatmen themselves - financed from 
their resources and installed by their local work-
shops. No external agencies have been involved in 
any way at all. 

No one knows the total number of country boats 
and estimates range from 300 000 to 1 million. For 
the sake of illustration, a figure of 500 000 boats is 
not unrealistic. On this basis, more than 250 000 
engines have been installed in the last 10 years, with 
the great majority being fitted in the last three 
y e a r s .

1 6
 If this is so, it represents an investment of 

around $100 million and a total installed power of 2 
GW, all undertaken by an informal sector of the 
economy which is almost unrecorded in official 
statistics and unrecognized by officials or in develop-
ment plans. 

The advantages of diesel engines 

So why are engines so important to the boatmen? 
For one answer we should look back to the illustra-
tion of the power of sails. In good conditions, a 
large, modernized rig could produce the effort of 
eight men, but the availability of this effort is highly 
dependent on the wind that happens to blow as well 
as its direction relative to where the boat has to go. 

In contrast, even a very small diesel engine will 
produce the power output of 30 men. It produces it 
continuously without tiring or complaining and inde-
pendently of wind speed or direction. 

A comprehensive field survey of 205 country boat 
operations was conducted in 1990.

1 7
 Amongst many 

other subjects, the boatmen were asked their opin-
ions on the demise of sailing and the value which 
they placed on having an engine. None regretted the 
passing of sails. Close to 9 5 % were positive to the 
idea of having an engine in their boats. Indeed, they 
were almost universally glad to see the back of 
sailing, something which they saw as outmoded, 
hard work and dangerous. One informant said: 

If there is a sail, the passengers think that the boat's engine 
gives problems and for this reason the passengers are 
discouraged to hire the boat 

The following quotes are also typical of the boat-
men's opinions of engines: 

The boat can go faster. Moreover, passengers prefer faster 
transport 

It is problem to keep face with others unless the boat is 
fitted with engine 
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Figure 2. Effect of mechanization on share structure of 
country boat operation. 

of money increased to Tk980 - a rise of almost 5 0 % . 
These changes are illustrated graphically in Figures 2 
and 3. 

Too good to be true? 

There is no such thing as a free lunch, so the saying 
goes. But if 50% more income and greatly reduced 
hard work are not a free lunch, who is picking up the 
tab? It is proving difficult to tell, but so far the 
results suggest that in practice there are few losers. 
Employment in the boats does not reduce signifi-
cantly with mechanization, contrary to the dire 
predictions of the ' labour intensive' school of de-
velopment. Maybe some trucks are loosing business 
to the boats, but there are also instances of their 
cooperation, not competit ion. 

There has been some evidence that the 'formal' -
ie capital intensive and government backed inland 
water transport has been reacting negatively. They 
are pushing for registration of the country boats and 
for regulations which will make them fit expensive 
equipment beyond the reach of most operators . 

Overall though, none of these protests are very 
strong. The reality seems to be that the availability 
of faster, more reliable water transport has tapped 
into suppressed demand. New cargoes are travelling 
by water. Goods and people are making journeys 
which they did not make before and new economic 
activity is being stimulated. Small farmers can now 
use the boats to get perishable goods to market , 
where before they would not have bothered to grow 
them. The price differential between rural and urban 
areas is being reduced as the increased flexibility of 
the transport system allows goods to move more 
freely. None of these changes would have occurred 
without the use of diesel engines on the boats. 

Energy considerations 

The changes may have brought about improved 
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Figure 3. Effect of mechanization on earnings and expend-
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incomes for the boatmen, but it is apparently at the 
cost of increased use of fossil fuels. Compared to the 
days of sail and oar, there is no doubt that the boats 
use more fossil fuel. At the most basic level, the 
power for the boats prior to mechanization was 
mainly the muscle power of the crew - a renewable 
energy in the form of men converting the biomass of 
rice to motive power. Despite the low cost of rice, 
this process is actually more costly than using diesel 
fuel as a source of power. The rice needed to sustain 
life is variously reported - 22.2 ounce (0.62 kg) per 
day in T a h e r ,

1 9
 1.5 lbs (0.68 kg) in J a c k

2 0
 and 0.75 kg 

in J a n s e n .
2 1
 Taking an average of 0.68 kg, this would 

cost TklO at prevailing prices (March 1991). At the 
same t ime, fuel costs T k l 4 per litre. In a typical 
day's operat ion a total of 12 litres will be used. This 
costs T k l 6 8 , so is equivalent to the cost of rice for 18 
people. In comparison, the actual motive power 
provided by the engine is equivalent to the output of 
30 men, so even if men could be hired for just the 
cost of keeping them alive, an engine would still be a 
more attractive option. 

A more realistic comparison from a boat owners 
point of view is that the cost of fuel is about the same 
as the total food cost and cash payments needed to 
keep an additional three crew members . It would be 
very clear to a boatman that a fossil fuelled diesel 
engine which produces the power of 30 men is a 
much more productive way to spend his money than 
hiring three additional crew members , even if their 
'fuel' does come from renewable sources. 

What about when fuel prices rise, the cry so often 
used to justify renewable energy projects? Fuel 
prices in Bangladesh have doubled since late last 
year - officially in response to the Gulf War. The 
country boat operations have continued unabated, 
an obvious reason being that before the price rise, 
fuel costs were only 8% of income, so even a 
doubling means that net earnings are still significant-
ly more than they were before mechanization. 
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Figure 4. Price index - fuel and light. 

Energy use by competing modes of transport 

The most severe competition to the country boats 
comes from roads. (This unfortunately is not just in 
the direct Open market ' sense of trucks and buses 
running on the roads, but indirectly in so far as roads 
attract investment and so divert resources and offi-
cial attention from the inland water transport sec-
tor.) 

S tudies
2 2
 have shown that boats in their present 

form are 60% more fuel efficient than trucks on the 
basis of tonne miles of cargo carried. They also 
charge freight rates which are 3 5 % less than a truck. 
On many routes they can provide a service which is 
as quick as that offered by trucks since road trans-
port is plagued by delays due to ferries and cir-
cuitous routes, not to mention flooding and impass-
able roads in the wet season. 

When compared to buses on arterial routes, boats 
are an unattractive means of transport . In rural 
areas, where the alternatives are rickshaws or 'Baby 
Taxis' running on bumpy or almost non-existent 
roads, the boats present a very viable option, parti-
cularly for trips to and from market , where goods 
have to be carried. In these roles they are significant-
ly more fuel efficient than the petrol engined taxis. 

Energy and road building 

According to statistics in The Human Development 
Report,

23
 Bangladesh is the country with the highest 

population density on earth (with the exception of 
'city states' such as Singapore and Hong Kong). It 
also has a population which is predominantly rurally 
based and heavily dependent on agriculture and 
biomass fuel sources. 8 3 % of people live in rural 
a r e a s

2 4
 and it is es t imated

2 5
 that in 1990, 70% of the 

total energy use in the country is biomass. (In rural 
areas the proportion of biomass will be higher than 
the average.) 

The total fuelwood consumption in 1981 was 
estimated to be four million tonnes. At the time the 

population was around 91 million, so average per 
capita fuelwood use was 0.04 tonnes per year, which 
is only about 20% of normal needs - the remainder 
being made up from crop residues, twigs and leaves 
and animal d u n g .

2 6
 This widespread substitution is 

an indication of the severity of the wood shortages. 
Price has been another indication of the high level of 
demand for wood. In the last decade, wood prices 
have increased at the rate of at least 2 5 % per year, 
compared to 14% for other fuels and 1 1 % for food. 
These trends are illustrated in Figures 4 and 5. 

With such price sensitivity, competition for land 
use and biomass (renewable) energy sources can 
have a direct and strongly negative impact on the 
rural people, who also tend to be the poorest and 
least influential sector of society. 

Road building is one such source of competition. 
In financial terms, road building in Bangladesh is 
unusually expensive. It takes scarce agricultural land 
out of production and the roads themselves need 
high embankments to resist flooding, many bridges 
and culverts for drainage and must be built to 
survive uncertain foundation conditions. 

In energy terms it is also extremely expensive. 
Broken bricks are widely used in road building as 
other materials are not available. Bricks in Bang-
ladesh are traditionally fired with scarce and valu-
able fuelwood (a l though recent legislation has 
sought to combat this trend by encouraging substitu-
tion with natural gas or imported coal). The analysis 
of energy use in Bangladesh based on 1981 f igures

27 

indicates that the amount of wood used for brick 
burning was very similar to the total use in rural 
cooking. Fuelwood is also used extensively for urban 
cooking as urban people have less access to alterna-
tives such as crop residues and animal dung. Figure 6 
shows the relative proportions of fuelwood use. 

A typical road in Bangladesh uses 200 000 to 
300 000 bricks per kilometre. As each brick needs 
0.43kg of fuelwood, each kilometre of road uses 
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Figure 5. Market price of sundari wood. 
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Figure 6. End use of fuelwood (1981 figures). 

fuelwood which is equivalent to almost 3 000 peo-
ple's annual domestic fuelwood consumption. 

When a road is built, large amounts of renewable 
energy are locked up in its construction. This contri-
butes to the rapid rise in wood prices and the 
deforestation of the country and the worst effects are 
borne by the rural poor , who are also the people 
who generally benefit least from the provision of 
roads. 

It has already been shown that on the basis of 
operating costs to the owners, the country boats are 
more cost-effective and more fuel efficient than 
trucks. On a national policy basis, account should 
also be taken of the complete costs of the service, 
which includes providing the infrastructure as well as 
the actual transport service itself. 

On this basis the large investments of financial and 
energy capital needed for roads adds a very signifi-
cant cost. When this is combined with externalities 
such as loss of productive land and the environmen-
tal damaged caused by road building and their 
impact on drainage, the alternative of water trans-
port by country boat becomes increasingly attrac-
tive. 

In contrast to trucks, the boats do not need 
expensive infrastructure for their operat ion. The 
rivers already exist so there are no problems of land 
loss. There are places where the rivers can benefit 
from work such as dredging, but the costs are almost 
insignificant when compared to road building and do 
not involve energy intensive inputs. In addition to 
improving navigation, such measures also improve 
drainage, thus have a positive environmental im-
pact. 
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Conclusions 

The mechanization of the country boats in Bang-
ladesh has reversed the steep decline of a traditional 
and vital sector of the rural economy. In addition, it 
provides significant practical and economic benefits 
to the owners and crews of the boats. This could not 
have been achieved by the use of renewable sources 
of energy. 

The improved service which they are able to 
provide is maintaining employment and there is 
some evidence to suggest that it may even be stimu-
lating new economic activity in the countryside. 
With mechanization, the country boatmen have a 
higher status in society and are able to offer a service 
which can be directly competitive with road trans-
port . Road transport needs roads and road building 
in Bangladesh is very energy intensive. The alterna-
tive of country boats has the potential to reduce the 
need for new road building and so result in reduc-
tions in national energy-use. 

The better operational fuel efficiency of the boats 
when compared to trucks also has significant im-
plications for energy saving. The country is totally 
dependent on imports for its oil, but needs an 
extensive and reliable transportat ion network if fu-
ture development goals are to be met. The water-
ways can provide this network in many parts of the 
country. 

The current techniques used in the mechanization 
are very low cost, but this is achieved at the price of 
poor fuel efficiency. Unlike trucks, where there is 
little scope for change, there is considerable poten-
tial for further improvement in the fuel efficiency of 
the boats . 
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Chapter 15 

Renewable Energy in Third World 
Development Assistance 
- learning from experience 

Gerald Foley 

The record of renewables in energy assistance 
over the past 15 years has been poor. The 
reasons include technical weaknesses, high costs 
and falling oil prices. The future role of renew-
ables in development assistance remains open to 
debate. They should only be used when they 
represent the optimum technical and economic 
solution. Ensuring that this is the case will 
require considerably greater rigour in the tech-
nical and economic analysis of projects than in 
the past. 

Keywords: Renewables; Development assistance; Policy 

Energy assistance for renewable energy technologies 
in developing countries has had a depressingly poor 
record over the past two decades. Apar t from large 
scale hydro, the number of renewable energy pro-
jects actually working is a small fraction of those 
under taken. And among those working, the num-
b e r s e c o n o m i c a l l y ju s t i f i ab le or local ly self-
sustaining are smaller still. 

All this represents a significant waste of develop-
ment assistance funds. It is also a considerable waste 
of human resources in the development community 
- often those who are the most concerned and caring 
about human issues such as poverty. Above all, it is 
a waste of the scarce managerial and human re-
sources of the developing world. 

This paper examines the assumptions and atti-
tudes which under-pinned the renewable energy 
assistance policies widely followed by the interna-
tional donor community during the 1970s and 1980s 
and tries to explain why the results were so dis-
appointing. It then at tempts to look forward and 

Gerald Foley is a partner in the Nordic Consulting Group. 
Working address: Nordic Consulting Group, 12 Whitehall 
Gardens, London W4 3LT, UK. 

identify the new approaches which will be required if 
the achievements of the 1990s are to be significantly 
bet ter . 

THE ENERGY EVENTS OF THE 1970s 

The energy assistance policies of the past 15 years 
were profoundly influenced by the energy events of 
the 1970s. These events not only transformed energy 
from a relatively obscure technical issue into a 
mat ter of high public and political concern but they 
also provided a major impetus for renewables. 

Around the beginning of the 1970s, publications 
such as The Limits to Growth

1
 and A Blueprint for 

Survival
2
 were warning that industrial society was 

rapidly undermining itself through pollution and 
excessive use of natural resources. The 1972 UN 
Conference on the Human Environment in Stock-
holm strongly reinforced these environmental and 
resource depletion worries. 

Energy came into the picture in a dramatic man-
ner with the 1973 Middle East war which enabled 
O P E C to impose a sudden fourfold increase in oil 
prices. Many energy analysts concluded that the era 
of cheap and abundant oil was at an end and there 
were confident predictions that it would be selling at 
$100/bbl by the year 2000. In addition, the media 
and popular 'ecology' books fostered a widespread 
impression that oil was on the verge of running out. 
A Blueprint for Survival, for example, predicted that 
oil resources would be exhausted by the year 2000. 

Finding substitutes for oil became an urgent task 
for governments . Technologies for the manufacture 
of synthetic crude oil and gas were heavily funded in 
the U S A , Japan, West Germany and elsewhere. 
Major efforts were made to develop ways of exploit-
ing tar sands, oil shales and other unconventional oil 
resources. France viewed the energy future with 
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A CATALOGUE OF 
DISAPPOINTMENTS 

The development assistance policies of the late 1970s 
and early 1980s reflected the energy concerns of 
their time. Providing substitutes for oil, especially in 
the rural areas, was seen as an urgent priority. The 
fact that renewables are, in general, environmentally 

more benign than fossil fuels added further weight to 
the case for their support . 

Most of the development assistance agencies, 
therefore, devoted considerable attention to renew-
able energy sources. In some cases, separate depart-
ments or divisions were set up to deal exclusively 
with these technologies. In Germany, for example, a 
special agency, G A T E (German Appropr ia te Tech-
nology Exchange) , was established to promote new 
and renewables energy technologies. Even the 
World Bank appointed a Renewable Energy Advi-
sor. 

Particular support was given to N G O s as it was 
believed a decentralized locally-based approach 
would be the most effective method of promoting 
the use of energy sources which were themselves 
intrinsically decentralized. Much attention was also 
given to the dissemination of ideas. Numerous net-
works and newsletters were funded to promote 
renewables and disseminate information. Demon-
s t ra t ion pro jec t s were s u p p o r t e d ; the Arusha 
Appropr ia te Technology Project in Tanzania, for 
example, had a variety of renewable energy devices 
on display and attracted hundreds of visitors per 
year, mostly from other countries. 

The renewable technologies promoted included 
solar energy, small hydro, biomass gasification, 
biogas, wind power, residue briquetting and others. 
There is no necessity to go into details of these 
technologies as there is a copious technical literature 
describing them. 

A comprehensive coverage is provided, for exam-
ple, in Kristoferson and Bokalders

6
 and a recent 

special issue of Energy Policy provided an up-to-
date review of the main technologies.

7 

The most important fact in the present context is 
that the success ratio in all types of renewable energy 
projects over the past 15 years has now been low. 
Many did not work at all; the failure to develop 
effective long-term operation and maintenance sys-
tems meant that , of those which worked, few sur-
vived the depar ture of the foreign project staff who 
installed them; and the degree of spontaneous local 
replication was minimal. 

In some cases, the impact of programmes was 
arguably negative. Instead of helping Third World 
countries with their energy problems, they induced 
governments to use scarce technical and managerial 
resources to establish renewable energy organiza-
tions with little real function or operational capacity. 
The renewable energy centre with its array of de-
funct and often highly implausible energy devices is, 
even still, a sadly familiar sight in many developing 
countries. 
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equal concern but took a different approach and 
launched a massive centrally planned nuclear prog-
ramme. 

Interest in new and renewable energy sources, 
from the familiar wind and solar through to exotic 
technologies like ocean thermal gradients, grew 
rapidly. The Swedish Secretariat for Future Studies, 
for example, published a report in 1977 entitled 
Solar Sweden

3
 which examined how Sweden could 

meet its energy needs from renewable sources. The 
United Nations resolved to hold a conference on 
New and Renewable Sources of Energy in Nairobi in 
1981 ; one of its main themes was to be the particular 
relevance of small-scale renewable energy technolo-
gies to the developing world. 

In 1979, came the Iranian revolution and its 
disruption of the country's oil production. The 
O P E C decision to take advantage of the turmoil and 
impose another threefold increase in oil prices dealt 
a massive blow to the already fragile economies of 
the oil-importing developing nations. It also con-
firmed the prevailing pessimistic views on the future 
of oil. 

A report to the government of Tanzania said: 

Tanzania must therefore assume that significant increases 
in imports of crude oil and products will not be available in 
future and that the unit costs of these imports will rise. 
This assumption has profound implications for industrial 
development, transport and all energy planning.

4 

The other major energy concern of the 1970s was 
fuelwood. In 1975, Erik Eckholm's Worldwatch 
paper The Other Energy Crisis: Firewood, suggested 
a parallel between the industrial world faced with 
vanishing oil resources and the Third World where 
the forests on which people depended for their 
energy needs were rapidly disappearing. High oil 
prices appeared to close off any escape from fuel-
wood shortages by Third World consumers switching 
to the use of kerosene for cooking. Mobilizing 
renewable energy resources and promoting the 
planting of trees for fuelwood

5
 appeared to be the 

only feasible options open to the countries of the 
developing world without their own oil resources if 
they were to meet their future energy needs. 



It would be pointless and depressing to at tempt a 
full catalogue of these disappointments. The follow-
ing review simply provides a brief sketch of what 
happened in the main technological areas. 

Solar energy 

The main focus of energy assistance in solar energy 
was on photovoltaics for water pumping and electric-
ity generation. Most donor agencies promoted at 
least some activity in this area while large program-
mes were supported by France, Germany, Japan and 
the U S A . 

The number of technical failures in the early 
programmes was high. While the solar cells them-
selves proved, for the most part , reasonably durable , 
the ancillary equipment frequently failed under the 
harsh operating conditions of the rural Third World. 
The lack of spare parts and suitably skilled techni-
cians meant that in many cases the equipment was 
simply abandoned. In recent years, the position has 
improved and there are now effective maintenance 
systems in a number of countries. 

It is estimated that more than 2 000 solar pumps 
have been installed.

8
 The average peak output is 

around 1 kW, making them primarily suitable for 
drinking water supplies. Perhaps 1 000 solar re-
frigerators have been installed, generally powered 
by photovoltaic units with a peak output of around 
100 watts. 

An unknown number of small lighting kits have 
been installed by aid agencies and private indi-
v iduals ; the to ta l is p robab ly in the tens of 
thousands. These are typically powered by panels 
with a peak output of 400-100 watts and are suffic-
ient for a number of low-power fluorescent bulbs 
and a radio. The larger units are able to power a 
cassette player and a small TV set. 

In spite of these successes, however, photovoltaic 
technology has so far failed to fulfil the expectations 
of its proponents . Most development assistance 
programmes have relied on the dissemination of 
highly subsidized equipment and there is little evi-
dence that rural people are willing to repair or 
replace it out of their own resources when it breaks 
down. The degree of spontaneous take-up of the 
technology within the target groups has generally 
been negligible. One commentator within the solar 
energy community has written: 

The photovoltaic community must accept that the adop-
tion of solar electric generation for development applica-
tions has been disappointing. Despite the obvious bene-
fits, the take-up has been slow and sporadic. Really 
widespread use still looks as far away now as it was five 
years ago. It must be time to re-assess the situation and 
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evaluate whether we misinterpreted the potential or mere-
ly failed to capitalise on it.

9 

Another question which has arisen concerns the 
longer term implications of supporting a wider dis-
semination of photovoltaic equipment . The power 
output of domestic lighting systems is not sufficient 
for the operation of domestic appliances such as 
hotplates , i rons, or sewing machines, let alone 
equipment for grain milling or other commercial 
enterprises. The installation of photovoltaic lighting 
systems can thus block off access to these other 
electricity uses unless people are prepared to aban-
don their investment in the photovoltaic equipment . 
As one commentator has put it: 

First, the community can no longer expand demand to new 
processes, locations and applications at low marginal cost. 
The market cannot rationally increase or be allowed to 
increase beyond the volume indicated by the high marginal 
cost of a photovoltaic system. Second, the installation of 
photovoltaics has preempted classical development . . . 
The village is trapped at a subsistence level of electricity 
consumption.

10 

Photovoltaic systems nevertheless remain attractive 
for decentralized electricity production. The tech-
nology is well proven and solar energy is abundant 
and widely available. The challenge for development 
assistance is to find applications which are economi-
cally justifiable, socially appropriate , and technically 
sustainable. 

At present , this means applications which are of 
high value, remote , low electricity demand and part 
of a network which can provide adequate repair and 
maintenance services. This is what has happened in 
the industrial world and provided a secure market 
for the already flourishing photovoltaic industry. 
There is no reason to suppose that the role for 
photovoltaics is, as yet, any different in the develop-
ing world. 

Centralized solar power stations were built in 
perhaps half a dozen developing countries. These 
rely on a large array of photovoltaic panels with a 
total area of 100-200 square metres , mounted on a 
concrete plinth. In addition there is a control build-
ing with a battery storage room, a voltage regulation 
system, and a standby diesel generator. Power is 
taken to consumers by overhead lines or under-
ground cables. 

Typically, the total output is 10-15 kW and the 
cost $200 000-300 000. The station on Utirik Island 
in the Marshall Islands, for example, has an output 
of 8 kW and cost $280 000 .

1 1
 These stations have 

proven to be extremely unreliable and expensive to 
maintain; repairs frequently depend upon obtaining 
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ing small hydro to power utilities tends to be finan-
cially and managerially disastrous because of the 
huge diseconomies of scale. A study in India found, 
for example, that the operating costs of small hydro 
plants were nine times higher per kWh than those of 
larger hydro p l an t .

1 5
 This is mainly because the 

design approach and standards used by utilities 
tackling small projects tend to be based on those for 
large projects; this brings large overheads in con-
struction plant, access roads and site establishment 
costs. A power station with an output of 75 kW can 
be as expensive in these respects as one with an 
output a hundred times greater. 

Taking small hydro out of the hands of the utility 
enables substantial cost savings to be made. The 
design can be matched to the actual needs of the 
local community rather than the mandatory national 
standards followed by the utility. Economies in 
construction can be obtained by using local labour 
and materials. Operat ing costs can also be cut sub-
stantially by having the plant operated by the local 
community. A number of such low-cost community-
run hydro plants with outputs in the range 5-15kW 
have, for example, been installed in Pakistan under 
the auspices of the Pakistan Council for Appropriate 
Technology. 

The main problem with such decentralized 
approaches tends to be the long-term management 
of installations. Small hydro plants are complex 
pieces of equipment . They cannot be installed and 
then forgotten. Experience shows that there are 
rarely sufficient local skills for long term operat ion, 
repair and maintenance. Unless there is a permanent 
central organization with the capacity and the funds 
to provide the necessary technical assistance as well 
as an effective maintenance and repair service, 
plants tend to fall into disuse. 

It is, of course, possible to point to numerous 
successful small hydro installations. Mission sta-
tions, commençai farms, and a variety of small 
enterprises in different countries all have satisfac-
torily operating plants. But small hydro, like photo-
voltaics, has so far not fulfilled the expectations of its 
promoters in the development assistance field. 

Biomass gasification and dendrothermal power 

The production of producer gas from wood or 
charcoal , biomass gasification as it usually de-
scribed, proved its technical feasibility and relevance 
during times of oil scarcity in Europe during the 
Second World War when over a million gasifiers 
were in use. The technology was revived after the 
1973 oil price rise and numerous attempts were 
made by development assistance agencies to intro-
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the service of expert technicians from the manufac-
turing company in the donor country. They are also 
highly inflexible and cannot be expanded to meet 
growing demand except at prohibitive costs. 

There were also attempts to promote the use of 
flat plate solar collectors. The technology of these is 
well proven and they are sold commercially in 
countries such as Australia, Israel and the USA. As 
far as the developing world is concerned, their main 
potential is in the urban areas as their cost and 
technical complexity make them inappropriate in the 
rural areas, especially where there is no piped water 
supply. But efforts to promote their use have had 
little impact. Where significant numbers have been 
installed as, for example, in Gabarone in Botswana, 
there have been frequent problems of repair and 
maintenance which tend to be difficult to resolve 
because of the shortage of skilled plumbers and 
technicians. 

Solar driers have generally turned out to be 
cumbersome and expensive and few projects have 
gone beyond the demonstration stage. The same is 
true of solar cookers. They have proved expensive, 
awkward and generally impracticable; there is now 
little serious interest in their promotion. 

Small hydro projects 

Small hydro was widely supported by a variety of 
donor agencies .

1 2
 Projects ranged from relatively 

conventional installations in the megawatt range 
down to extremely small minimum-cost units in the 
5-20 kW range. A number of excellent design manu-
als were produced and widely d isseminated .

1 3 

The main success story appears to be Nepal where 
about 450 locally made water turbines have been 
substituted for the traditional wooden water mills 
used for milling grain; around 70 of these new 
turbines have been equipped with generators and 
provide power for lighting to the surrounding com-
munity in the evenings .

1 4
 Elsewhere, the number of 

projects implemented under development assistance 
programmes appears to be small. 

There have also been reports of technical, finan-
cial and managerial problems. A World Bank mis-
sion to the Philippines, for example, reported on a 
programme to develop 75 mini-hydro sites which 
was begun in 1980. By 1990, a total of 13 had been 
built but only four were operating satisfactorily. The 
other nine were facing problems of lack of water or 
site instability. In the Solomon Islands, resources 
have been expended on the identification of over 100 
potential small hydro sites but only three have been 
developed, of which two are working satisfactorily. 

A consensus seems to have emerged that entrust-



duce it into the developing w o r l d .
1 6 

Projects were carried out in a wide variety of 
countries including Tanzania, Costa Rica, the Philip-
pines, and a number of the Pacific island nations. 
There was also a spontaneous move by a number of 
private sector companies in Brazil to promote gasi-
fiers in response to high petroleum prices. 

While a certain number of privte sector gasifiers 
are reported to be still working in Brazil, the vast 
majority of development assistance projects failed 
on technical and economic grounds. Under the 
EEC-funded Pacific Regional Energy Programme, 
for example, a total of 17 gasifier projects were 
budgeted and approved throughout the Pacific is-
land countries during the 1980s. A further 15 pro-
jects were launched in the same region under a 
variety of other funding arrangements during the 
same period. Of all these, only one , a 25 kW wood 
gasifier at a school in Vanuatu , is now work ing .

1 7 

In the Philippines, an apparently flourishing gasi-
fied programme which had been actively promoted 
by Imelda Marcos, was revealed to be deeply flawed 
after the collapse of the Marcos regime. The techni-
cal and economic weaknesses of the programme had 
apparently been concealed for political reasons and 
it has now collapsed completely. 

One of the more surprising success stories is a 
Chinese-designed rice husk gasifier which has been 
working on the inland delta of the river Niger in 
Mali. Rice husk gasification is reckoned to be ex-
tremely difficult technically but this plant appears to 
have worked successfully since the mid-1970s. The 
design does not, however, appear to have been 
replicated elsewhere outside China. 

The majority of commercial firms involved in 
gasifier manufacture appear to have abandoned the 
technology. A recent review states: 

The future of biomass gasification as a reliable energy 
alternative now hangs in the balance . . . no successful 
manufacturing has initiated from technical institutes . . . 
Without the expertise of responsible manufacturers to 
convert the theoretical knowledge of biomass gasification 
into usable equipment, there can be no future for the 
technology's reliable implementation.

18 

The only major dendrothermal programme was 
launched in the Philippines in 1980. Under this, fast 
growing trees, mainly Leucaena leucocephela, grown 
in special plantations were to be used as fuel for a 
series of small power stations. The original intention 
was that 17 power plants would be built. Of these, 13 
had planned outputs of 3.2 M W and the remaining 
four were intended to have an output 1 M W each. 

The programme was plagued with problems from 
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the beginning. Almost a third of the 2 000 hectare 
plantations established to supply the wood had to be 
abandoned, and the yields of others were much 
lower than expected. Of the 17 projects, three were 
suspended during construction, five were suspended 
after the equipment was delivered, and three were 
abandoned at the planning stage. Six plants were 
finally built, of which three were in operation in 1990 
and the programme had effectively been abandoned. 
The use of coal for firing the boilers was being 
investigated. 

Biogas 

The first large-scale biogas programme was launched 
by the Chinese government. Experiments were car-
ried out in the 1950s, but the 1970s saw a remarkable 
dissemination of the technology. Some seven million 
digesters were reported to have been built, mainly in 
the warm and humid central province of Szechwan. 
One of the features of the Chinese experience, 
which was not widely appreciated elsewhere, was the 
extent to which it was based on long-standing tradi-
tions of fermenting sewage and animal dung in order 
to break the faecal pathogen cycle in areas where 
fish-farming and irrigated agriculture are carried 
out. Covering the digesters and utilizing the gas was 
a logical, though difficult and not always successful, 
next step. 

The next largest programme is that in India where 
it was reported in 1985 that up to 280 000 had been 
installed, though other sources put the figure at 
about 80 0 0 0 .

1 9
 Development assistance projects to 

promote biogas were launched in a large number of 
other countries including Tanzania, India, Senegal, 
Central America , Vietnam and Thailand to take a 
random selection. 

Biogas digesters can be divided into two broad 
types. The first is the Chinese which has a fixed 
brick-built dome. As a result, the pressure increases 
as the quantity of gas builds up inside the digester. 
One of the major problems with this type is its 
tendency to leak. Although reliable information on 
the Chinese programme is difficult to obtain, it is 
reported that a substantial proport ion of the diges-
ters are now out of action. 

The other major type was developed in India. This 
uses a masonry digester with a floating steel cover 
which maintains a constant pressure. The main 
problem with the Indian digester has been the cost, 
which limits its use to the better off farmers. Diffi-
culties have also been experienced with corrosion of 
the steel cover. 

In general , biogas digestion has failed to make a 
significant impact outside China and India. The 
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Other renewable energy technologies which have 
been promoted or suggested include residue briquet-
t ing, small s team engines, wind-diesel systems, 
wave-power, biomas fuelled sterling engines and, 
even, ocean thermal gradient power. Although a 
variety of isolated projects have been completed in 
the developing world, the impact has been small and 
the immediate prospects look to be limited. 

UNDERSTANDING WHAT WENT 
WRONG 

It is easy to see with the benefit of hindsight what 
went wrong with the renewable energy assistance of 
the past 15 years. But the purpose in doing so is not 
to score cheap points. It is to see if it is possible to 
learn some useful lessons from the experience so as 
to prepare a more secure foundation for the energy 
assistance policies of the fu ture .

2 1 

Technical and maintenance problems 

Large numbers of projects encountered major tech-
nical problems. The special status enjoyed by renew-
ables, as ecologically benign substitutes for pet-
roleum, paradoxically, worked very much to their 
detr iment. It meant that many renewable energy 
projects were exempt from normal engineering scru-
tiny. The fact that they did not use petroleum fuel 
was, in itself, frequently taken as sufficient justifica-
tion for their implementat ion. 

The result of this lack of adequate technical 
screening was that a large number of technically 
unsound or i m m a t u r e pro jec ts were ini t iated. 
Biomass gasifiers which did not work to any accept-
able degree of reliability were set up in various 
places. Solar cookers which could not be used for 
cooking, biogas digesters which did not digest, solar 
water heaters which could not hold water, and a host 
of other devices which were poorly designed or 
ill-suited for their working context were implanted in 
the developing world by aid programmes. 

Many projects were , in fact, little more than 
technical research exercises masquerading as energy 
assistance. But instead of this research being carried 
out in well-equipped workshops and laboratories it 
was taking place under the extraordinarily adverse 
conditions of isolated Third World villages. The 
reliance on enthusiastic but technically unsophisti-
cated N G O s for the implementation of many pro-
jects added to the problems. It was little wonder that 
so many failed to achieve their objectives. 

Nor , in most cases, was sufficient attention paid to 
the problem of long-term maintenance. Local peo-
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number of successfully implemented projects has 
been small and few have proved sustainable in the 
longer term. The degree of spontaneous local take-
up of the technology has been negligible. 

It is, at t imes, difficult to understand the degree of 
enthusiasm which biogas evokes. Digesters are cost-
ly and need to be built to high structural standards if 
leaks are to be avoided. The process is highly 
susceptible to changes in the ambient temperature 
and in the quality and quantity of the input mate-
rials. Considerable quantities of water need to be 
available if the plant is to be operated on a year-
round basis; dry spells can also cause problems with 
cracking of structures. 

A rough profile for areas in which biogas might be 
applicable would include a moist uniform climate; a 
regular supply of cattle dung and other feedstock; 
skilled labour for construction and maintenance; a 
reasonably affluent rural community; and a lack of 
alternative energy sources. Where these conditions 
were not fulfilled, the experience of the 1980s was 
that biogas technology did not succeed on a sustain-
able basis. 

Other renewable energy technologies 

Fermentat ion of biomass to produce ethanol is a well 
proven technology and it has frequently been advo-
cated as a means of providing developing countries 
with the capacity to produce their own liquid fuel. 
The Brazilian programme is by far the largest and 
while it has undoubtedly succeeded at a technical 
level remains controversial on economic and social 
g rounds .

2 0
 The only other significant programme is 

in Zimbabwe. In both cases the ethanol is consider-
ably more expensive than the gasoline it replaces. 
While sunk costs and political considerations may 
ensure the survival of these programmes, few would 
advocate their replication in other developing coun-
tries at present. 

Programmes to introduce windpower for irriga-
tion pumping have had a limited amount of success 
in a number of countries. Stand-alone electricity 
generation has, however, tended to be unreliable 
and expensive and has been almost entirely confined 
to isolated 'demonstrat ion ' projects. The commer-
cially successful use of wind generators for grid 
supplies in the USA, Denmark and elsewhere has, 
however, evoked interest in some developing coun-
tries. A programme to support the manufacture of 
wind generators in India is, for example, being 
supported by the Danish development assistance 
agency Danida. But there is still a significant amount 
of debate as to whether wind-generated electricity is 
truly an economically competitive option. 



pie rarely have the necessary technical skills even for 
routine maintenance and cannot be expected to 
diagnose faults and carry out repairs on unfamiliar 
technical devices. Unless there is a critical mass of 
installations, which can provide the justification for 
a self-sustaining local repair and maintenance sys-
tem, experience has amply demonstrated that in-
stallations will fall into disuse. 

Photovoltaic installations, which were heavily 
promoted on the basis of their low maintenance 
requirements are a particular case in point. It is 
undoubtedly true that they are considerably simpler 
to maintain than diesel generators , but is also abso-
lutely essential that they are looked after properly. 
One of the most critical elements in these systems, 
for example, turned out to be the battery. Excessive 
charging and discharging, or neglecting to top up 
with distilled water can bring about rapid failure. 
Where car batteries are used, as is frequently the 
case, instead of the more expensive types designed 
for frequent deep charge and discharge cycles, the 
life is likely to be only a year or s o .

2 2 

Component failures, even though relatively rare, 
can also be a major problem as stocks of spare parts 
and technicians with the necessary skills are rare in 
the developing world. Unless there is a reliable 
maintenance system, backed up by a repair service 
with adequate spare part stocks, experience shows 
that systems quickly go out of use. 

High costs 

The other major problem of renewables in develop-
ment assistance has been cost. The fact that installa-
tions tend to be small and isolated adds to the 
problem since the overheads, especially of foreign 
consultants and contractors, tend to be extremely 
high. 

In the case of small hydro, figures of $5 000/kWh 
and higher have been quoted for a variety of pro-
jects. The 1 M W scheme in Cuamba in northern 
Mozambique, to take an extreme example, had a 
cost of $12 000 per installed kW and a firm capacity 
of 350 kW. 

Run-of-the-river schemes are considerably cheap-
er but at the expense of a considerable loss in 
flexibility. Since there is no water storage, the power 
supply depends entirely upon the flow in the river. 
Unless this happens to coincide closely with the local 
demand pat tern, the lack of power when it is re-
quired is likely to result in a build up of local 
frustration and dissatisfaction with the system. 

Cost is also a major problem with photovoltaic 
systems. While it is true that the price of solar cells 
has continued to fall since their introduction in the 
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1950s, they are still in the region of $5 per peak watt. 
It must also be borne in mind that the cells are 

only part of the total cost of a photovoltaic installa-
tion. The 'balance of system costs' , for the mount-
ing, wires, switches, batteries, ballasts, control sys-
tems, special low power lights, refrigerators and 
other equipment , which can make up 50% or more 
of the total cost of an installation, are not susceptible 
to the same cost reductions. These are often not 
given the attention they deserve: 

The other components of a solar home system (SHS) are 
more decisive for the economics of the system than the 
solar panel itself - something many people still do not 
seem to realise . . . Indeed, some solar equipment manu-
facturers and proponents of the SHS option feel that 
emphasising the possibility of future declines in the cost of 
solar modules and using cheap charge-regulators and 
primitive ballasts they can make SHSs commercially vi-
able. However, there is a real danger that a strategy of this 
type will have just the opposite effect.

23 

The overall result is that photovoltaic systems are 
still extremely expensive in comparison with conven-
tional alternatives. Lighting kits with a peak output 
of 50 watts, for example, are commercially available 
at prices of $750-1 500 depending on size and loca-
tion. For comparison, small petrol generators with 
an output of 0.5 kW, roughly ten times that of the 
photovoltaic system, tend to be available at around 
$750. Solar refrigerators tend to have installed costs 
in the range $3 000-6 000 whereas a comparable unit 
powered by kerosene costs about one-tenth as much. 
A solar pump with an output of 1.25kW tends to cost 
around $25 000, again far more expensive than the 
diesel alternative. 

Unjustified pessimism about oil 

Perhaps the most important factor inhibiting the 
growth of renewables has, however, been the fact 
that oil prices have failed to rise as predicted. The 
common belief in the 1970s that oil resources were 
on the verge of depletion was, of course, always 
mistaken. It was a result of a popular misunder-
standing of what a number of analysts had been 
saying about trends in oil consumption. 

The concern of these analysts was not that oil 
resources would have completely vanished by the 
year 2000 but that the growth in oil consumption, 
which had run at around 7.5%/year through the 
1950s and 1960s, could not continue to do so for very 
much longer. Analyses based on estimates of the 
total amount of oil likely to be recoverable showed 
that consumption could continue to increase up to 
about the turn of the century, when it would be 
double the 1970 level, but would thereafter begin to 
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emmenta l promotional schemes, leaving the ques-
tion of its viability under market conditions still open 
to debate . Similarly the apparent commercial suc-
cess of large-scale thermal solar plants in southern 
Cal ifornia

27
 has been undermined by the recent 

failure of the main promoting company Luz Interna-
tional. In short, the clear demonstrat ion of market 
competitiveness which would stimulate a significant 
and spontaneous flow of investment capital into 
renewables remains as elusive as ever. 

RENEWABLES IN THE ENERGY 
ASSISTANCE OF THE 1990s 

There is no question that secure energy supplies 
remain a vital necessity for all Third World coun-
tries. Energy assistance will therefore continue to fill 
a need, especially in the poorer developing coun-
tries. Rising worries about global warming have 
created additional pressure for the deployment of 
renewables. But the role which they can, or should, 
play in development assistance remains open to 
debate . 

Clarifying objectives 

In looking at the potential role of renewables, it is 
essential to bear in mind the primary objective of 
development assistance. It is to promote economic 
growth in the developing world. 

The first essential, therefore, is that the economic 
benefits from the use of an energy source should 
exceed its costs. If the economic return from the 
project is less than the economic costs, then rather 
than promoting development , what has actually 
been created is a development sink. The common 
argument that renewable energy projects can be 
exempt from this requirement because it is donor 
rather than local money which is being spent is not 
valid. It presupposes that there is no other use for 
the same money. It also leaves developing countries 
in a technical dead-end, carrying the long term 
operation and maintenance costs of projects which 
they cannot afford to renew or replicate. 

It follows that objectives such as 'promoting the 
wider dissemination of renewables ' need to be tre-
ated with some suspicion in a development assist-
ance context. It is, of course, perfectly reasonable to 
aim for the wider use of renewables, but this is not 
necessarily, or even often, the same as providing 
developing countries with the most appropriate solu-
tion to their energy needs. Renewables should only 
be used when they provide the technically and 
economically optimal solution. 
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dec l ine .
2 4
 The date of this peak in consumption was 

popularly misinterpreted as the time at which oil 
would no longer be available. 

In the event, growth in oil consumption virtually 
ceased in the early 1970s. The total increase between 
1973 and 1989 was 7 .3% and between 1979 and 1989 
there was no growth. Fears of imminent depletion 
were also shown to be unfounded. Figures for 'pub-
lished proven' oil reserves over the period 1970 to 
1989 increased by 64% from 84 billion tonnes to 138 
billion tonnes; that is 45 years ' production at present 
levels. No one doubts that there is a great deal more 
oil left to be discovered which will extend the life of 
reserves considerably further. 

There are also the unconventional sources of oil to 
be exploited. Development work is being carried 
out, for example, in the Orinoco heavy oil belt in 
Venezuela. These reserves can be recovered, trans-
ported and used in boilers in the form of an oil-water 
emulsion known as Orimulsion. A number of pilot 
projects have been launched and production costs 
are about $3/bbl. It is estimated that there are 
recoverable reserves of about 40 billion t o n n e s .

2 5 

Similarly, the worries about steadily rising prices 
proved unjustified. The increases imposed in 1979 
turned out to be unsustainable. When the price of 
Arabian light crude oil dropped to $13 per tonne in 
1988, it was back, in real terms, to about 50% of the 
price set by O P E C after the 1973 Middle East war. 
More recently, initial fears about the Gulf War 
pushed prices up to $35/bbl but they soon fell back to 
around $20/bbl despite the complete loss of produc-
tion from Iraq and Kuwait. One of major problems 
facing O P E C will be to prevent its own disintegra-
tion and a collapse of the oil price to $10—12/bbl 
when production from these two countries is fully 
resumed. 

Prior to the Gulf crisis, the medium term equilib-
rium price for crude oil appeared to be around 
$18/bbl .

26
 The ability of world markets to cope with 

the loss of production from Iraq and Kuwait suggests 
that, if anything, this estimate may be too high. On 
present evidence, there is no reason to suppose there 
will be any major increase in oil prices, in real terms, 
before the end of the 1990s. It leaves oil, as it was 
throughout the middle and late 1980s, the cheapest 
energy for the majority of Third World end uses 
apart from domestic cooking. 

The economic conditions under which renewables 
were expected to be economically competitive have 
thus not materialized. While it is true that wind 
power has been a commercially viable investment in 
some countries over the past decade, it has been the 
beneficiary of a variety of tax incentives and gov-



Caut ion is also n e e d e d in the use of sup-
plementary funds from an environmental budget , 
such as the Global Environmental Facility, to top up 
the extra costs of renewable projects on the grounds 
that they do not produce greenhouse gases. It cannot 
be automatically assumed that because a renewable 
energy source does not emit carbon dioxide it is the 
best use of these funds. It might, for example, make 
far more sense to use the same money to improve 
the efficiency of a local thermal p o w e r ^ l a n t . 

Nor, in looking at global environmental issues 
such as atmospheric warming, should the developing 
nations be asked to bear a heavier burden than the 
industrial world. The main responsibility for the 
global warming problem lies with the industrial 
world and Third World countries should not be 
asked to base their development on energy sources 
which the industrial world itself does not believe are 
economically competitive or technically mature . 

Need for greater rigour in economic and technical 
analysis 

Ensuring that such criteria are applied in future 
development assistance in the energy area will re-
quire a considerably greater rigour in the economic 
and technical analysis of renewable energy sources 
than was shown in the 1980s. 

As a broad rule, projects should provide a mini-
mum economic internal rate of return ( IRR) of 
around 10%. This should obviously not be used as 
an inflexible criterion for all projects. But a low I R R 
should always be regarded as a strong warning signal 
and an i n d i c a t o r t ha t t h e p r o j e c t has p o o r 
development-creating potential . 

In addition, the renewable option, if it is to be 
adopted, should provide the least-cost solution. If 
this is not done , the economic benefits from the 
project are going to be less than they might be . 
There may be grounds for flexibility in the assess-
ment of costs and benefits - a renewable energy 
project may, for example, provide additional local 
employment - but there can be little justification for 
del iberately imposing economically sub-optimal 
solutions on impoverished local communities. 

Flexibility is another important consideration. 
People's needs and aspirations change with t ime. A 
small photovoltaic or microhydro system which 
meets the minimum electricity demand may turn out 
to be inadequate to meet expanding demand long 
before the end of its working life. The costs and 
technical problems involved in expanding the system 
should be analysed at the outset and a practical way 
forward should be identified. Otherwise there is a 
danger that, after the initial benefits have been 
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CONCLUSION 

In the long-term perspective, renewable energy 
sources and, indeed, nuclear power appear essential. 
No other energy scenario seems plausible given the 
environmental and resource constraints on fossil fuel 
consumption and the likelihood of a doubling of the 
human population. In such an energy future, the 
present developing world would, no doubt , obtain a 
similar proport ion of its energy needs from renew-
ables as the industrial countries. 

But such a future will require a considerable 
amount of investment in research, development and 
infrastructural change. As a recent review puts it: 

The more we want renewable energy technologies (RETs) 
to be a reality, the more changes are needed in current 
energy policies, infrastructure, institutions and attitudes. 
There are no shortcuts or simple answers and it is import-
ant to realise that RETs will ways be controversial. Their 
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provided, the project may effectively act as a block 
on further development . 

The same hard-headedness must be used in the 
detailed technical evaluation of projects. There is no 
point in providing the developing world with tech-
nology which does not work satisfactorily in the 
conditions for which it is intended. The technology 
which is used in technical assistance programmes 
must therefore be adequately proven for the task it is 
to fulfil In general , it should be commercially 
available, off-the-shelf, and covered by normal 
manufacturers guarantees. 

Similar attention must be given to the question of 
sustainability; unless projects are sustainable, they 
cannot contribute to the long-term economic de-
velopment of the countries in which they are im-
plemented. Installing isolated pieces of equipment 
and hoping that local people will keep them in action 
is a certain recipe for failure. There must be a 
sufficient number of local uses, who are willing to 
pay the necessary costs, to support a local repair and 
maintenance service. The financial and institutional 
issues which this raises are often far more critical to 
the success of projects than the technical choices on 
which the greater a t tent ion often tends to be 
focused. 

Another important issue is that of local replicabil-
ity. There is little developmental benefit in an initia-
tive which helps a single village or family but which 
the recipient country cannot apply elsewhere. From 
the beginning, projects should aim at being replic-
able on a significant scale and with decreasing re-
liance on assistance from abroad. 
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contributions will be limited in many sectors, they will 
require additional development, sometimes up-front fund-
ing will be required. . . . The cutting edge of RET de-
velopment will have to be in the industrial contries, 
particularly in the IEA countries. If nothing happens 
there, nothing will happen at all.

28 

In the majority of developing countries, the urgent 

needs of the present moment have first priority. 

Economic development is essential for social and 

political reasons and is a precondition of population 

stability and the protection of the natural environ-

ment from the expansion of low-intensity subsist-

ence farming. If this economic growth is to be 

achieved as rapidly as possible, the energy sources 

used need to be technially mature and the most 

cost-effective available. 

Renewables can certainly be part of the solution 

provided they meet the necessary technical and 

economic criteria; this is the challenge facing those 

who wish to see them more widely used. But if they 

are deployed without meeting these criteria, they 

become part of the problem of underdevelopment . 

This paper relies on a presentation at a seminar in the Stockholm 
Environment Institute in April 1991 and subsequently published 
under the title Energy Assistance Revisited. Thanks are due to the 
Stockholm Environment Institute for funding the study and 
especially to Lars Kristoferson and Sven Hunhammer for their 
help and support. 
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Chapter 16 

Policies for a Solar Economy 
Chris Flavin and Nicholas Lenssen 

Punctuated by oil shocks and ultimately limited 
by environmental concerns, the fossil-fuel age 
may be nearing its close. While the renewable 
technologies are now available to make the tran-
sition away from today's coal- and oil-based 
energy system, existing energy policies do little to 
accelerate the commercial development of re-
newable energy. This paper examines some of 
the policy reforms needed to make the transition 
to a renewable energy economy, beginning with 
a change in energy pricing that internalizes the 
environmental and security costs of fossil fuels. 
Utility reform, a major shift in current energy 
research and development spending, and the 
creation of an international renewable energy 
agency are among the key elements of a sound 
energy policy that will allow the 60-80% reduc-
tion in carbon emissions needed to stabilize 
atmospheric C02 concentrations. 

Keywords: Solar energy; Energy policy; Renewables 

The end of the fossil fuel age is now in sight. As the 
world lurches from one energy crisis to another , 
dependence on oil and coal threatens to derail the 
global economy or disrupt its environmental support 
systems. If we are to ensure a prosperous world for 
future generations, only a few decades remain to 
shift the world economy to reliance on renewable 
resources. 

Fortunately, the technologies are at hand to begin 
the transition away from fossil fuels. What is missing 
is a focused effort on the part of governments to 
provide the policy framework that can accelerate the 
commercial development of renewables. 

Chris Flavin is Vice President for Research and Nicholas 
Lenssen is a Research Associate at Worldwatch Institute, 
1776 Massachusetts Ave NW, Washington, DC 20036, 
USA. 

Three oil shocks in 17 years are sufficient warning 
that the world cannot continue indefinitely along a 
path of petroleum dependence . The ultimate con-
straint is physical - oil supplies are finite - but the 
immediate limits are geographical and political: 
nearly two-thirds of the world's proven oil reserves 
are in the volatile Persian Gulf region. Outside the 
Middle East , much of the cheap oil has already been 
consumed.

1 

An even more fundamental limit on fossil fuel use 
is the atmosphere 's capacity to cope with the burden 
of nearly 6 billion tonnes of carbon emissions each 
year. Scientists working with the United Nations-
commissioned Intergovernmental Panel on Climate 
Change predict that these emissions will warm the 
atmosphere at an unprecedented ra te , and may 
eventually undermine the economy itself. 

Combustion of all the world's remaining fossil 
fuels would raise the concentration of C 0 2 as much 
as tenfold, compared with the mere doubling that 
now concerns scientists. Stabilizing the climate will 
require reducing global C 0 2 emissions by 60 to 80% ; 
slowing global warming inevitably means placing 
limits on fossil fuel combust ion .

2 

Just as environmental concerns have surged, the 
commercial readiness of renewable energy technolo-
gies has advanced. Unlike the 1970s, when efforts to 
promote renewable energy were undermined by the 
lack of a technological base, policymakers today 
have many strengths to build on. 

In the U S A , for example, some 15 000 privately-
owned wind turbines generate $200 million worth of 
electricity annually - enough to power all the homes 
in San Francisco. Commercial geothermal power 
plants are being built in a host of countries, princi-
pally around the Pacific 'Rim of Fire ' . The market 
for photovoltaics is bursting at the seams: 50MW 
worth of solar cells were produced in 1990; con-
tinuing growth of 20 to 30% annually is likely as 
rural Third World use continues to gather momen-
tum. 
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Table 1. Costs of renewable electricity, 1980-2030.
3 

Technology 1980 
(1988e7kWh) 

1988 2000 2030 

Wind 32
b 

8 5 3 
Geothermal 4 4 4 3 
Photovoltaic 339 30 10 4 
Solar thermal trough with 

gas assistance 24
c 

8
d 

6
e 

8
f 

parabolic/central receiver 
Biomass

h 
85

g 
16 8 5 parabolic/central receiver 

Biomass
h 

5 5 - -

Notes:
 a

All costs are levelized over the expected life of the technology and are 
rounded; projected costs assume return to high government R&D levels:

 b
1981;

 c
1984; 

d
1989;

 e
 1994; estimates for 2030 have not been determined, primarily due to 

uncertainty in natural gas prices.
 g

1982;
 h

future changes in biomass costs are 
dependent on feedstock cost. 
Source: Worldwatch Institute, based on Idaho National Engineering Laboratory et al, 
The Potential of Renewable Energy: An Interlaboratory White Paper, prepared for the 
Office of Policy, Planning and Analysis, US Department of Energy, in support of the 
National Energy Strategy (Solar Energy Research Institute, Golden, CO US, 1990), 
and other sources listed in Ref 4. 

It is time for energy policy to re-focus on the 
longer-term, on how to promote the kind of energy 
economy we will need to achieve in the next few 
decades. The broadest challenge is to encourage 
investment and innovation in dozens of key tech-
nologies including: improved batteries; photovol-
taics; more efficient engines; fuel cells; and, hyd-
rogen storage systems. Tax code changes, electric 
utility reforms, revitalized R & D programmes, 
strengthened local government policies, and new 
international initiatives all have important roles to 
play. 

A NEW START FOR ENERGY POLICY 

Imagine an energy system that requires no oil, is 
immune to political events in the Middle East , 
produces virtually no air pollution, does not gener-
ate nuclear waste, and yet is just as economical and 
versatile as today's energy economy. Does this 
sound like a U t o p i a n dream? Hardly. Scientific and 
engineering breakthroughs now make it practical to 
begin producing our electricity, heating our homes, 
and fueling our cars with renewable energy - the 
energy of the sun, the winds, falling water, and the 
heat within the earth itself. 

The conventional wisdom among government 
leaders, energy experts, and the public at large is 
that we are stuck with today's fossil fuels - whatever 
the cost in future oil crisis, air pollution or even a 
disrupted world climate. But, with continuing ad-
vances in technology and efficiency improvements 
that make it possible to run the economy on ever 
decreasing amounts of power, a renewables-based 

economy is likely to be achieved within a few 
decades. 

Steady progress has been made since the mid-
1970s in a broad array of new energy technologies 
that will be needed if the world is to increase its 
reliance on renewable resources. The step of harnes-
sing renewable energy has been slow in coming 
because of technological lag-times, government neg-
lect, and the 70% decline in oil prices between 1980 
and 1986.

3 

Over the past decade, the cost of solar thermal 
power has fallen 6 6 % , wind power 7 5 % , and photo-
voltaic electricity 90% (see Table 1). Many of the 
machines and processes that could provide energy in 
a solar economy are now almost economically com-
petitive with fossil fuels, and rapid commercial de-
velopment of several of these technologies is ex-
pected during the next decade, driven not only by 
technical advances but by world oil and climate 
t r ends .

4 

In California, the future has already begun to 
emerge. The State that always seems to be a decade 
ahead of everyone else is once again ushering in a 
new era that is evident in the wind-driven turbines 
east of San Francisco, and the solar troughs in the 
Mojave Desert . Since the early 1980s, California has 
stopped building coal and nuclear power plants, and 
has turned to renewable energy. The State now gets 
42% of its electricity from renewable resources, 
largely from hydropower, but also from geothermal , 
biomass, wind and solar energy developed in the 
past decade .

5 

But for all its success, California's energy revolu-
tion is a bit one-dimensional: its electricity system 
has been altered, but its cars and homes are still 
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fueled largely with fossil fuels. The next step is to 
find a way to run the whole economy on intermittent 
renewable energy sources. 

One missing link is hydrogen - a clean-burning 
fuel easily produced using renewable power and 
conveyed by pipel ine to cities and indust r ies 
thousands of miles away. Hydrogen shows great 
promise as the new 'currency' of a solar economy. It 
can be used to heat homes, cook food, power 
factories, and run automobiles. Moreover , the tech-
nologies to produce, move, and use hydrogen are 
already here in prototype form. The challenge of 
creating a clean, efficient, solar-powered economy is 
essentially that of reducing the cost of the various 
constituents of a solar-hydrogen system - from the 
manufacturing costs of wind turbines to the efficien-
cy of new automobi les .

6 

The main political challenge is to overcome nar-
row economic interests, and revamp policies to 
create sustainable energy systems. The transforma-
tion of energy institutions will take many years to 
accomplish, but is likely to accelerate as policy-
makers awaken to the environmental and economic 
challenges they face. 

A POLICY AGENDA 

Since the mid-1970s, many nations have sought to 
redirect their energy policies to reduce dependence 
on oil. While these efforts did yield results, by 1990 
oil demand was nearing the levels of the late-1970s, 
and non -OPEC production was falling steeply - in 
the USSR, North America , and the UK section of 
the North Sea. Many oil analysts believe that the 
world will become vulnerable to social or political 
upheavals in the volatile Middle East by the late-
1990s. This has encouraged a number of countries, 
notably Japan, to reinvigorate their efforts to reduce 
oil dependence. 

Since 1988, the world has begun to consider more 
fundamental energy policy changes, focusing on 
limits to C 0 2 emissions. Some 23 countries have 
established goals, ranging from freezing emissions at 
current levels to cutting them by 50% (see Table 2 ) .

7 

At the Second World Climate Conference, held in 
Geneva in November 1990, 137 nations agreed to 
draft a treaty by 1992 to slow global warming .

8 

While the treaty details remain to be determined, 
the world appears headed to a commitment to 
energy systems less dependent on fossil fuels. Plans 
to stabilize the climate are likely to focus on impro-
ving energy efficiency and developing renewable 
sources of energy. Many nations are making prog-

Policiesfor a Solar Economy 
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ress on energy efficiency, but renewable energy 
continues to lag. It is therefore time to launch a 
renewable energy policy agenda. 

Today 's energy policies are often biased against 
solar energy. Carl Weinberg, director of research 
and development at the Pacific Gas and Electric 
Company, and Rober t Williams, senior research 
physicist at Princeton University's Center for Energy 
and Environmental Studies, note: 'The rules of the 
present energy economy were established to favor 
systems now in p lace ' .

9 

Most of these rules were created decades ago, 
when the central issue was how to expand fossil-fuel 
use rapidly. Hastening the transition to a sustainable 
energy economy requires a major shift in priorities -
a shift that existing institutions and industries may 
find threatening. 

While needed policy changes number in the hun-
dreds, this article focuses on five priorities: reducing 
subsidies for fossil fuels and raising their taxes to 
reflect security and environmental costs; reforming 
the electric utility industry; strengthening state and 
local energy policies; increasing R & D on efficiency 
and r e n e w a b l e ene rgy t echno log ie s ; and , re-
ordering the priorities and programmes of interna-
tional institutions. 

Energy subsidies, prices and taxes 

Energy price reform is a prerequisite to the acceler-
ated use of renewable energy technologies. Today, 
governments routinely provide subsidies to tradi-
tional energy sources, keeping prices artificially low 
and encouraging energy waste. As these policies are 
changed and environmental externalities are inter-
nalized, renewable energy will become more com-
petitive. 

Market reforms in once centrally planned coun-
tries may provoke the largest changes. In China, for 
example, coal costs about one-quarter the world 
market price, and in the USSR, oil was traded 
among state companies for less than $l/bbl in 1990. 
The price of Soviet oil, for example, was scheduled 
to triple in 1 9 9 1 .

1 0 

In the industrial market economy countries, smal-
ler but still pernicious subsidies exist. Energy indus-
tries in the U S A received Federal subsidies worth 
more than $44 billion in 1984 (the most recent data 
available). President Bush's successful 1990 effort to 
gain $2.5 billion in additional tax breaks for the US 
oil and gas industry is a recent example of the special 
t r ea tmen t still received by specific, entrenched 
indust r ies .

1 1 

As subsidies are removed, governments can also 
take steps to ensure that fossil fuel prices reflect 
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Table 2. National climate policies, proposed or enacted, October 1990. 

Goal 

Reduce greenhouse gas emis-
sions 20% from 1988 level by 
2005 
Reduce C 0 2 emissions 20% by 
2005 

Freeze C 0 2 emissions at 1990 
level by 2000 

Reduce C 0 2 emissions 20% by 
2005, 50% by 2020-2040 

Freeze C 0 2 emissions near 
1990 per capita level 
Reduce C 0 2 emissions 25% 
from 1987 level by 2005 

Freeze C 0 2 emissions at 1990 
level by 2000 

Freeze C 0 2 emissions at 1990 
level by 1995, followed by re-
duction 

Reduce C 0 2 emissions 20% by 
2005 
Freeze C 0 2 emissions at 1989 
level by 2000 
Freeze C 0 2 emissions at 1988 
level by 2000 

Reduce C 0 2 emissions 10% by 
2000 

Freeze C 0 2 emissions at 1990 
level by 2005 

Status 

Commission is studying cost-
effective measures 

Commission to study policy 
options, including improved 
efficiency 
Task force to report recom-
mended policies in November 
1990 
Energy plan approved with 
focus on efficiency, renew-
ables, natural gas, energy taxes 
and transportation 
No specific policies announced 

Action plan presented in 
November 1990; to include 
energy policy reforms and 
possible carbon tax 
Programme announced that in-
cludes efficiency, transport, 
nuclear energy, and renew-
ables 
Plan adopted that includes effi-
ciency, renewables, natural 
gas, carbon tax and transporta-
tion reforms 
Government agencies are de-
veloping policies 
Commission to recommend 
new policies in January 1991 
Carbon tax will start in January 
1991; parliament debating 
further policies 
Programme announced for car-
bon tax, efficiency, and trans-
port reform 
Government paper calls for 
efficiency, renewables, and 
transport reforms 

a
 German goal is for the former West Germany. Reduction goals for the former East 
Germany are being assessed. 
Source: Worldwatch Institute, based on sources listed in Ref 7. 

their full security and environmental price tag. The 
cost of developing armed forces in the Persian Gulf, 
for example, is not now being paid by consumers of 
Middle Eastern oil. Counting the cost of US prepa-
rations for war in the region, even before the 1990 
troop deployment, for example, would add more 
than $60 to each barrel of oil imported into the 
country, according to Alan Tonelson and Andrew 
Hurd of the Economics Strategy Ins t i tu te .

1 2 

Fossil fuel burning is exacting an even larger cost 
on the health of people and ecosystems around the 
globe. In the U S A , for example, air pollution is 
estimated to add more than $40 billion to annual 
medical bills, according to the American Lung Asso-
ciation. Including such costs in the price of energy 
would allow markets to more accurately determine 

the least expensive means of meeting energy needs. 
Governments could do this by taxing energy to 
incorporate environmental costs into the price paid 
by consumers .

1 3 

A 1990 study by researchers at Pace University, in 
White Plains, New York, reviewed various estimates 
of the environmental costs of electricity technolo-
gies. The study found that electricity from coal 
would need to be priced at least 100% higher to 
cover its environmental costs, chiefly those resulting 
from air pollution-related damage. Oil-generated 
electricity would need to rise at least 5 0 % , and 
natural gas much l e s s .

1 4 

In the USA 17 States are already incorporating 
environmental costs in their regulation of electric 
utilities, though still at levels below those that might 
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Nation 

Australia 

Austria 

Canada 

Denmark 

France 

Germany
3 

Japan 

Netherlands 

New Zealand 

Norway 

Sweden 

Switzerland 

UK 
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Table 3. Gasoline prices and taxes, selected countries, October 1990. 

Price 
(including tax) Tax Equivalent carbon tax

3 

Nation ($/gallon) ($/tonne of carbon) 

USA 1.32 .30 121 
Japan 3.44 1.44 575 
Germany 3.52 1.97 787 
UK 3.71 2.08 833 
France 4.32 2.95 1 181 
Italy 5.19 3.56 1 423 

Notes:
 a

Current gasoline taxes translated into a levy on the carbon content of fuel. 
Sources: Karen Treanton, Statistics Department, International Energy Agency, Paris, 
private communication and printout, 2 November 1990; Carbon content of gasoline 
from Gregg Marland, 'Carbon dioxide emission rates for conventional and synthetic 
fuels', Energy, Vol 8, No 12, 1983. 

be justified. European countries are also beginning 
to account for the costs of pollution, primarily 
through increased taxes. Sweden, for example , 
proposed taxing sulphur and nitrogen oxide emis-
sions in April 1990; the following month , France 
levied a tax on sulphur dioxide. Italy started taxing 
low-sulphur fuels at half the rate of high-sulphur 
fuels in July 1990.

1 5 

Energy taxes are another tool for encouraging the 
use of renewable energy. Most countries already tax 
energy, though the levels vary widely. The most 
popular energy tax is on gasoline. In Europe and 
Japan, gasoline taxes in October 1990 ranged from 
$1.44 to $3.56/gallon, resulting in total retail prices 
of $4 to $5/gallon in some countries (see Table 3). 
And in 1991, several European countries raised 
gasoline prices substantially. 

In the U S A , however, the combined Federal and 
State tax averaged just ^30/gallon, though it rose 
modestly to 035/gallon in December 1990. The in-
ability of the U S A to levy a higher gasoline tax is 
both a stimulus for the country's energy waste and a 
contributor to its huge Federal budget defici t .

16 

Another way of reflecting environmental costs is a 
broader energy tax or one that is specifically linked 
to emissions of C 0 2 . The latter tax would directly 
incorporate the anticipated costs of global warming 
in the prices paid for energy. Under such a levy, coal 
would be taxed the heaviest, since it releases the 
most C 0 2 when burned, followed by oil, and finally 
natural gas. Nuclear power and renewable energy 
sources, which do not release C 0 2 directly, would go 
un taxed . H o w e v e r , a general energy tax, the 
approach favoured by many Europeans , would tax 
nuclear power and renewable energy, removing the 
advantage for renewable energy. 

Carbon taxes are fast becoming a reality in 
Europe. Both Finland and the Netherlands intro-
duced such a tax in 1990, and Sweden and Norway 

levied them in January 1991. Germany, Japan, 
Switzerland, and the European Community as a 
whole are also weighing carbon taxes. While most of 
the taxes proposed so far are relatively small, a 
larger tax of at least $100/tonne of carbon would be 
needed to significantly affect energy trends. While 
this may seem like a large sum, most countries 
already tax gasoline at an effective rate of more than 
$100/tonne. Indeed, Italy's current gasoline tax is 
equivalent to a carbon tax of more than $1 400/ 
t o n n e .

1 7 

Some analysts argue that energy taxes will lead to 
economic chaos, noting that higher energy prices in 
1973 and 1979 had a devastating effect. But as 
Harvard University economist Dale Jorgenson has 
shown, two-thirds of the economic slowdown after 
the oil shocks of the 1970s was caused by the speed 
of the energy price increases. If price rises are 
gradual, as planned in most carbon tax proposals, 
the threat of an energy-price-induced recession can 
be removed. Indeed, European countries and Japan 
already have energy taxes far greater than those in 
the U S A , yet their economies are , if anything, 
s t ronger .

1 8 

One energy model examined by the US Congres-
sional Budget Office found that a phased-in $110/ 
tonne carbon tax would reduce carbon emissions 
27% from 1988 levels by the year 2000, and reduce 
the country's economic output that year by less than 
1%. Another analysis, by William Chandler of Paci-
fic Northwest Laboratories , concluded that a $94/ 
tonne carbon tax would hold carbon emissions at 
today's level by the year 2000. Such a tax could 
actually boost economic output if it were used to 
offset other t a x e s .

1 9 

Utility reform 

Changing energy prices will not remove all the 
bar r ie rs to deve lopment of renewable energy, 
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Table 4. Electric utility reform, selected countries, October 1990. 

Nation Description of action 

Brazil Independent power producers permitted to connect to elec-
tricity grid 

Costa Rica Utilities required to pay competitive prices to independent 
power producers 

Denmark Utilities required to purchase power from independent renew-
able power producers and district heating plants 

Dominican Republic Utilities required to pay competitive prices to independent 
power producers 

Germany Independent power generation being encouraged; competitive 
prices paid to renewable energy producers 

Norway Utility reform approved, aimed at increasing competition in 
electricity generation 

Pakistan Incentives offered for independent power producers 
Portugal Power plant construction and ownership being shifted to 

private companies; independent power producers, including 
renewables, emerging 

Thailand Limited sale of state-owned utility planned; incentives for 
cogeneration and biomass producers 

UK State-owned utility broken up and sold to private investors; 
independent producers emerging 

USA Reforms by individual States including competitive bidding, 
integrated resource management, and incentives for efficiency 
investments 

Source: Worldwatch Institute, based on sources listed in Ref 21. 

however. Basic reforms of energy institutions and 
industries are a second priority - particularly the 
publicly-owned or regulated electric utilities. 

These companies were set up to create large 
electric power systems from scratch. As a result of 
their efforts, electricity now represents roughly one-
third of the world's primary energy supply. Whether 
privately-owned, as in the USA, or state-owned, as 
in France and India, these utility monopolies are 
now anachronistic. At a time when the world needs 
to use electricity more efficiently and develop new 
and cleaner ways to generate power, major reforms 
are in o r d e r .

2 0 

Since the early 1980s, a growing number of coun-
tries have begun to rebuild their electric utility 
systems in a more flexible, decentralized, and com-
petitive mold. These reforms have ranged from the 
encouragement of an independent power industry in 
Costa Rica to the sale of the national electric power 
system to private investors in the UK. Pakistan and 
Portugal are allowing private companies to build 
their own plants and sell power to the utilities, while 
Norway is stripping its powerful national utility 
company of its monopoly status (see Table 4). No 
country has completed the process of utility reform, 
and most have a long way to g o .

2 1 

The broadest efforts at such reform are found in 
the USA, where diverse State-by-State efforts have 
been underway since the passage of the Federal 
Public Utility Reform and Policies Act ( P U R P A ) of 

1978. In California, for example, State regulators 
have required the privately owned companies that 
provide most of California's electricity to invest in 
energy efficiency, not just power plants. The result-
ing efficiency improvements will make it easier for 
California to make the transition to renewable ener-
gy-

As a result of these efforts, per capita use of 
electricity in the State fell slightly between 1978 and 
1988, compared with an 1 1 % rise in the rest of the 
USA. California eliminated the need for $10 billion 
worth of new power plants and reduced electricity 
consumption per dollar of gross State product by 
1 7 % .

2 2 

California officials expect future gains to exceed 
those of the past. In August 1990, the State's four 
largest utilities agreed to spend $500 million over 
two years on improved energy efficiency; State 
regulators will ensure that the utilities profit from 
these investments, more than compensating them 
for the lost revenues from reduced electricity sales. 
New York, Oregon, and five New England States 
now have similar programmes. Utilities are gradual-
ly being converted from energy producers to energy 
service companies, and the California Energy Com-
mission believes this change may soon stop or re-
verse the growth of electricity d e m a n d .

2 3 

Since the early 1980s, California has also required 
utilities to purchase power from qualifying private 
companies - many of them relying on renewable 
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power sources. In just a decade, the State has 
developed a thriving renewable electricity system. In 
1990, 12% of the State's electricity was expected to 
come from alternatives such as geothermal , solar, 
wind, and biomass. By encouraging energy sources 
that are inflation- and embargo-proof, California 
demonstrated that with the right policies, energy 
transitions need not be long, painful affairs .

24 

Today, California and several other States are 
working on new policies to encourage more indepen-
dent power development at the lowest possible cost. 
The key is to create a bidding system that allows 
companies to compete against each other for the 
right to produce power - the kind of competition 
that exists in any market . While devising bidding 
rules is complex, these rules are crucial to the pace 
of development of new energy systems. 

So far, most governments have been slow to open 
their power industries to competition. Some com-
panies have been sold to private investors but retain 
their monopoly status, while in nations such as 
Germany, only small renewable producers are per-
mitted to join the competitive power market . This 
slow progress reflects the political strength of utili-
ties, and scepticism about the reliability of a rede-
signed power industry. But experience now shows 
that, while power transmission and distribution need 
to be a regulated monopoly, the generation business 
works better as a competitive, market-regulated 
enterprise. The main role of utility companies in the 
decades ahead may be on the demand-side - provid-
ing the capital and expertise needed to improve 
energy efficiency and to install household solar 
sys tems.

2 5 

Local government responses 

Local governments can also play a role in re-shaping 
our energy future. They are best equipped to en-
courage energy savings in housing, t ransportat ion, 
and land use planning. And since renewable sources 
of energy are by nature decentralized, local govern-
ments are well positioned to support them. 

Transportation and buildings together account for 
nearly two-thirds of all the energy consumed in 
industrial countries. Building codes recently have 
been modified in many areas to include tougher 
energy standards for new construction. In most 
regions, standards need to be tightened and energy 
consumption in existing buildings cut through weath-
erization p r o g r a m m e s .

2 6 

A sustainable transportation system can only be 
created with policies that reduce reliance on auto-
mobiles and encourage a switch to public transport , 
biking, and walking. Restricting cars in urban cen-

Policies for a Solar Economy 
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très, partly through parking bans, and providing 
cyclists and pedestrians with safe routes will help to 
reduce energy consumption. Copenhagen, for exam-
ple, has banned all on-street parking in the city 
centre, while providing ample bicycle parking down-
town and at rail stations. In California, cities such as 
San Diego and San Jose are moving back to commu-
ter rail t ransporation, to relieve congestion and 
pol lu t ion .

2 7 

Other policies are needed to control urban sprawl. 
The density of human settlements is not an accident, 
but results from decisions made by local and regional 
officials. Careful land-use planning can reduce trans-
portation needs, primarily by increasing develop-
ment density and consolidating jobs, homes, and 
services near public transport . Cities can use tax 
incentives and zoning regulations to achieve these 
goa l s .

2 8 

Some governments have model policies that cut 
energy bills and enhance self-reliance. Saarbrucken, 
Germany, for example, cut energy consumption 
nearly 20% between 1980 and 1989 with a compre-
hensive conservation programme run by the city's 
public utility company. Port land, Oregon, approved 
an energy plan in 1979 to encourage energy con-
servation in buildings to counter growing energy 
bills. The city adopted a new programme in 1990 
that strengthens existing conservation measures and 
also encourages a shift from automobiles to buses, 
light rail, bicycles, and walk ing .

2 9 

City policies can also promote the use of renew-
able energy resources. Portland has an ordinance 
that protects the right of building owners to capture 
the sun's rays for heating. Saarbrucken and Berlin 
are planning to install photovoltaic cells on the roofs 
of city buildings. And Tucson, Arizona, is planning a 
300-ha solar village that will minimize energy needs 
and maximize the use of renewable resources .

3 0 

Energy R&D 

Energy R & D programmes are also in need of re-
form. In 1989, the 21 member governments of the 
I E A spent three-quarters of their $7.3-billion energy 
research budgets on nuclear energy and fossil fuels 
(see Table 5). A major change in priorities could 
free up billions of dollars for the development of 
renewable sources of energy. 

West Germany spent $179 million on nuclear in 
1989, more than 36% of its total energy research 
budget , while Spain spend 5 1 % and the UK 54%. 
Only one of these countries has even a single com-
mercial nuclear plant under construction. While the 
problems of radioactive waste disposal and plant 
decommissioning still need research, costly efforts to 
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Table 5. Energy R&D spending by IEA governments, 1989. 

Amount Share 
Technology (million $) (%) 

Nuclear fission 3 466 47 
Fossil fuels 1 098 15 
Nuclear fusion 883 12 
Renewables 489 7 
Conservation 367 15 
Other 1 039 14 
Total 7 343

a 
100 

Note:
 a

Column does not add to total due to rounding. 
Source: International Energy Agency, Energy Policies and Programmes of IEA 
Countries, 1989 Review, OECD, Paris, 1990. 

develop new plant designs - particularly breeder 
reactors that produce bomb-grade materials - are 
badly out of d a t e .

3 1 

Another example of skewed priorities is the $883 
million spent on nuclear fusion research in 1989 by 
the I E A countries - more than was spent on all 
efficiency and renewable technologies. Any con-
tribution from fusion in the next 50 years is doubtful; 
a 1990 study by a US Depar tment of Energy advis-
ory committee estimated that the first commercial 
fusion plant would not be operating until at least 
2040 .

3 2 

Other energy boondoggles abound. For example, 
the UK government, the European Community, and 
private industry are financing the development of a 
manufacturing process to convert coal to petroleum. 
The $65 million to be spent on this extremely 
carbon-intensive fuel is nearly three times total U K 
spending on renewable energy research in 1989. In 
the USA, industry and government plan to spend $5 
billion in the 1990s to develop so-called 'clean coal' 
technologies. The new combustion methods lower 
emissions of sulphur dioxide significantly, but have 
minimal effect on C 0 2 . At a time when coal use 
needs to be cut drastically, investing billions of 
dollars on ways to use more of it is a clear example of 
misplaced pr ior i t ies .

3 3 

Most developing countries are doing no better. 
India, for example, has a huge and costly nuclear 
research establishment that for three decades has 
contributed almost nothing to the country's energy 
supply. Less than 1% of the Indian government 's 
energy outlays go to renewable sources (excluding 
large hydroelectric dams), even though renewables, 
especially fuelwood, account for 40% of the coun-
try's energy u s e .

3 4 

The challenge in India and around the world is to 
re-prioritize research spending so that it reflects 
today's needs, rather than the political clout of 

existing industries. In the U S A , for example, the 
National Research Council issued a 1990 report 
recommending that 10% of the civilian energy re-
search budget be reallocated from magnetic fusion 
and fossil fuel research to conservation and renew-
able programmes. That would provide efficiency and 
renewables with around $300 million more each 
year, a 77% increase .

3 5 

In all I E A countries, only $856 million was in-
vested in renewables and improved efficiency re-
search in 1989, down from $931 million the previous 
year. Indeed, measured in real dollars, spending on 
these programmes declined throughout the 1980s, 
paced by drastic cutbacks in the USA (see Figure 1). 

While research on renewables and efficiency has 
continued to yield many worthwhile technologies, 
the pace of progress has been slowed by budget cuts. 
However , the budgetary nadir of these programmes 
may be past. Several countries are now planning to 
increase funding of efficiency and renewables re-
search in response to environmental concerns. In the 
U S A , for example, the fiscal 1991 budget approved 
by Congress included a 4 5 % increase in renewables 
spending and a 2 1 % increase for efficiency.

36 

As renewable energy R & D programmes are in-
creased, it is important that they be carefully de-
signed and well-targeted. They should be linked 
closely to the efforts of private industry, particularly 
the small businesses that have provided many of the 
breakthroughs so far. Costly government-funded 
demonstrat ion projects should in most cases be 
avoided. 

Photovoltaics is a key research priority since it is a 
technology with great potential for cost reduction 
and efficiency improvements , yet it is only a minor 
item in most government R & D programmes. With a 
substantial increase in spending, widespread use of 
photovoltaics could be moved up by at least a 
decade. Low-cost thin-film technologies deserve 
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Figure 1. IEA Countries efficiency and renewables budgets for research. 

Source: IEA, Energy Policies and Programmes of IEA Countries, 1989 Review, 
OECD, Paris, 1990. 

particular support. Also critical is continuing prog-
ress in a range of biomass, geothermal , and wind 
technologies. 

Governments would also do well to invest in R & D 
on the infrastructure needed for a renewable energy 
system: cost-effective batteries; electric and hyd-
rogen powered automobile engines; fuel cells; and, 
improved means of storing and moving hydrogen -
the most likely energy carrier in a renewables based 
economy. Because hydrogen is a more corrosive and 
lighter weight gas than the methane that is used 
today, there are special technical challenges that 
must be met if it is to become a standard fuel. 

International institutions 

With energy problems now a global issue, interna-
tional energy institutions have important new roles 
to play. Unfortunately, many of these institutions 
still reflect the needs and priorities of earlier de-
cades. For example, nuclear power is the only 
energy source with a Uni ted Nations body dedicated 
to its advancement, the International Atomic Ener-
gy Agency ( I A E A ) , which has a 1991 budget of $179 
million, with additional voluntary contributions of 
$70 million expected. 

While the I A E A has one essential role - monitor-
ing nuclear proliferation - it also actively promotes 
the export of nuclear power to developing nations. 
A similar organization, the Nuclear Energy Agency, 

exists to facilitate atomic cooperation between in-
dustrial coun t r i e s .

3 7 

It is time to reconsider the I A E A ' s promotional 
role, which does not reflect the position of many of 
the governments that fund it. The agency's program-
mes are aimed principally at developing countries, 
which get 40% of their energy from renewables and 
less than 1% from nuclear energy. In recent years, 
many of these poor nations have slowed nuclear 
expansion, while stepping up their commitment to 
renewable energy sources. International institutions 
need to catch up with this shift in pr ior i t ies .

3 8 

Broader reforms are also needed, such as more 
concerted efforts to assist developing countries im-
prove efficiency and harness renewable energy re-
sources. One way of doing this is to increase funding 
of energy projects by the United Nations Develop-
ment Program, an organization with a $900-million 
annual budget . Former West German Chancellor 
Willy Brandt has suggested the further step of 
creat ing an Internat ional Solar Energy Agency 
( ISEA) . This body would provide developing coun-
tries with support for research, advice on how to 
bu i ld p r o d u c t i o n faci l i t ies , and exchanges of 
i n f o r m a t i o n a n d p e r s o n n e l o n r e n e w a b l e 
technologies .

3 9 

The problem facing developing countries is in part 
a shortage of capital and in part a misallocation of 
funds. Multilateral lending organizations, including 

2 1 1 
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CONCLUSIONS 

The transition to a renewable energy based economy 
will inevitably reshape many aspects of today's 
societies. While some of the changes can be antici-
pated, others can only be guessed at. Overall , 
however, a sustainable energy system promises to be 
cleaner and more secure. And while the energy 
sources may be more expensive, the energy system 
as a whole will likely be far more economical. 

Achieving such a future can only occur with the 
accelerated reform of energy policies. Most coun-
tries still have a long way to go, but there is a new 

sense of urgency as the public reacts to the threats 
posed by the greenhouse gases building in the atmos-
phere . 

Some of the biggest obstacles to change are the 
politicians who are captive to today's energy indus-
tries. The halls of the US Congress, for example, are 
filled with lobbyists for powerful industries - ranging 
from oil to coal to nuclear power - and their policy 
agenda still rules. Ironically, while their political 
power remains, these industries no longer provide 
many jobs. As more such positions are eliminated in 
the 1990s, the political power of these industries will 
weaken. 

The world has in a sense already embarked on the 
next great energy transition - under the pressures of 
economic, environmental , and social limits that have 
made the old system unsustainable and obsolete. 
The main danger is that new energy systems will 
evolve too slowly, overtaken by environmental 
problems and the social and economic upheavals 
that could accompany them. 

Societies, therefore, have only a few short decades 
to achieve a sustainable energy economy. In the end, 
the key to overcoming the political barriers is to 
demonstrate that a solar economy would have major 
advantages over today's dirty and crisis prone fossil 
fuel-based systems. As the opportunities become 
clearer, the political momentum for change will 
build. 
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the World Bank and the regional development 
banks, provide developing countries with huge sums 
for energy projects - more than for any sector except 
agriculture. Energy accounted for 16% ($3.3 billion) 
of the World Bank's $21 billion loan portfolio in 
1990. These loans attract even more money by 
encouraging parallel lending by commercial banks 
and other development institutions. In China in 
particular, the failure to invest adequately in im-
proved energy efficiency will cause C 0 2 emissions 
from coal plants to soar in the years a h e a d .

4 0 

Despite the World Bank's supposed new environ-
mental awareness, only about 3 % of its energy and 
industry loans in 1989 went to improving the effi-
ciency of energy use. Renewables (other than hydro-
power) received virtually nothing. Significantly in-
creasing multilateral lending for renewables and 
efficiency is essential if these energy sources are to 
expand rapidly in developing countries during the 
1990s.
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Current lending programmes also encourage 
energy-intensive industries and products, something 
that is not helpful to most poor countries. By 
promoting domestic production of efficient re-
frigerators, air conditioners, electric motors , and 
other energy-consuming devices instead, poor coun-
tries could cut the expected growth in their power 
sectors by 30% or more , with large economic sav-
ings. 

In India, for example, instead of building a factory 
to produce standard incandescent light bulbs, the 
World Bank could fund the construction of plants to 
make energy-efficient fluorescent light bulbs. A 
single $7-million factory could produce 12.3 million 
bulbs over seven years, enough to save India the 
equivalent of more than 1 500 MW of coal-burning 
electrical capacity. That translates into $2.4 billion in 
savings, mostly from not having to build new power 
p l an t s .

4 2 
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Chapter 17 

Renewables and the Full Costs 
of Energy 
Olav Hohmeyer 

The central obstacle for a widespread use of 
renwables are the relative prices of these forms of 
energy not their availability. The paper shows 
that the present prices of non-renewable energy 
sources are heavily subsidized by not including 
the costs of health and environmental damages 
as well as costs handed on to future generations. 
If these costs are taken into account the relative 
costs of renewables look far more favourable 
than present market prices show. 

Keywords: Renewable energy; External effects; Social costs 

In his article introducing the series of papers on 
renewable energy Jackson

1
 poses the question Ts 

renewable energy our greatest hope to bring a 
satisfactory resolution of the ' thermodynamic inter-
lude' or will it prove to be a deceitful signpost, a 
false promise on the inevitable road to disorder? ' . 
This question can be split up into two parts . First, we 
have to ask whether renewables will be able to 
supply close to 100% of human needs for energy 
services in the long run? If this is possible, the 
second question will be , at what cost can these 
energy services be delivered? 

Previous papers in the series have shown that solar 
energy is received by the earth in abundant quanti-
ties as compared to our present use of energy. 
S0rensen

2
 gives as estimated recoverable energy 

stream received by the earth of about 1 000 T W with 
a total annual energy income (resource base) of 
about 90 000 TW. According to the World Develop-
ment Repor t 1990

3
 worldwide consumption of tech-

nical energy amounted to about 70 000 h/year in 
1988. If we consider an average availability of re-
newable resources of 1 000 TWh/year - a rather 
modest assumption - about 70 T W of capacity would 

Olav Hohmeyer is Deputy Head Technical Change De-
partment, Fraunhofer-Institute for Systems and Innova-
tion Research, Breslauer Str 48, D-7500 Karlsruhe, Ger-
many. 

be required to cover the world's present demand. 
Thus , we can conclude that the availability of renew-
able energy resources will not pose a problem. 

This brings us to the second part of the question, 
the cost of the energy drawn from renewable 
sources. Presently a standard argument is that re-
newables will play a minor role in the future energy 
supply because this form of energy is too expensive. 
In the long run this argument cannot hold because 
non-renewable energy sources will be exhausted. At 
that point in time mankind will have to fall back onto 
renewable energy sources at any price, because in 
many instances energy cannot be substituted as a 
production input or as an essential input into con-
sumption activities. This point of exhaustion for 
non-renewable energy sources may be a few hun-
dred years in the future if no restrictions are applied. 

However , the present discussion on global warm-
ing due to the anthropogenic emissions of green-
house gases, points out that fossil fuels cannot be 
used at the present pace for decades and centuries to 
come, if we do not want to endanger global climatic 
stability. At the same time nuclear fission will only 
be able to extend our time frame if we resign 
ourselves to breeder technology with all the poten-
tial risks of plutonium fuel cycle and at energy costs 
which can be guessed at today. It is presently 
unknown whether nuclear fusion will ever be able to 
contribute significantly to the energy supplies of 
mankind, not to speak of the actual costs of such 
energy even if it could be supplied commercially. 
Thus , renewable energy may already be needed to 
supply a major part of the energy used by mankind a 
few decades from now. Consequently our question 
of relative costs boils down to a short-to mid-term 
comparison of renewable energy sources with pre-
sently established conventional energy systems. 

COSTS TO BE CONSIDERED 

The statement that renewable energy sources are too 
expensive to be used substantially in the short or mid 
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SOCIAL COSTS TO BE CONSIDERED 

There are a number of different energy costs cate-
gories born by third parties which ought to be taken 
into account in the comparison of different energy 
technologies. The following list gives an impression 
of the range of effects to be considered: 

Φ Impacts on human health: short-term impacts 
like injuries; long-term impacts like cancer; 
intergenerational impacts due to genetic dam-
age. 

φ Environmental damages to: flora; fauna; glob-
al climate; materials, 

φ Long-term costs of resource depletion. 

φ Structural macroeconomic impacts such as em-
ployment effects. 

φ Subsidies such as: R & D subsidies; investment 
subsidies; operat ion subsidies; subsidies in 
kind for: infrastructure and, evacuation ser-
vices in case of accidents. 

φ Cost of an increased probability of wars due to: 
securing energy resources (eg the Gulf War) ; 
proliferation of nuclear weapons know how 
through the spread of 'civil' nuclear technolo-
gy; costs of the radioactive contamination of 
production equipment and dwellings after ma-
jor nuclear accidents; and 

φ Psycho-social costs of: serious illness and 
death; relocation of population due to con-
struction or accidents. 

This list of possible costs excluded from the normal 
pricing of energy is not exhaustive but it gives an 
impression of the range of costs which need to be 
considered before we may conclude that a certain 
energy technology is too expensive to be used. 

Although it is relatively easy to enumerate a 
substantial number of social cost categories, which 
are obviously not taken into account today, it is 
rather difficult to quantify many of these effects and 
to put monetary values on them. As in the case of 
global warming due to anthropogenic emissions of 
greenhouse gases, we can describe a number of 
probable effects in qualitative terms while we can 
only guess others. The latest computer models allow 
us to come up with some first quantifications of 
probable global temperature rises, but a sound 
analysis of the damages incurred and the damage 
costs to be expected seems presently impossible. We 
can only guess possible orders of magnitude of such 
damages. In general we are in the situation of a 
navigator trying to estimate and compare the size of 
different icebergs ahead of him while he can only see 
the tips of these icebergs in the fog. 

So far most empirical studies of the problem have 
focussed on a few problem areas, mostly on effects 
on human health and environmental damages .

6
 It 

should be pointed out , however, that there is a 
growing literature addressing different facets of the 
problem at the theoretical as well as at the empirical 
level .

7 

EMPIRICAL EVIDENCE ON SOCIAL 
COSTS 

The empirical evidence presented here is based on 
the present author 's latest research on the subject

8 

taking into account much of the international discus-
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term is generally based on a very narrow definition 
of costs. Cost comparisons usually just take into 
account the so called ' internal ' cost elements in-
volved in the production and distribution of a pro-
duct. Other cost elements which are payed for by 
third parties not involved in the production or 
consumption of the product do not show up in prices 
and are not considered in standard cost compari-
sons. These cost elements are normally referred to 
as external or social costs .

4
 In this paper the term 

social costs will be used. Examples of such social cost 
elements for energy production and use are: the 
damage done to forests by acid rain, which are paid 
for by the forest owners; the consequences of mas-
sive global warming due to anthropogenic emissions 
of greenhouse gases; or the health impacts of major 
nuclear reactor accidents such as Chernobyl. No 
energy consumer is charged any of these costs, which 
result from the use of conventional energy sources. 

If conventional energy sources and different tech-
nologies for the utilization of renewable energy 
sources are compared with respect to the levels of 
social costs incurred, it appears that most renew-
ables have considerably lower social costs. Thus, the 
seemingly cheap conventional energy sources may 
be rather expensive to society. If this is the case, the 
statements regularly made on the comparative inter-
nal costs may be vastly misleading and investment 
decisions taken on these grounds may acrue substan-
tial losses to society. 

The question of relative social costs of electric 
power had been heavily discussed internationally 
since 1988 when a first comprehensive report on the 
subject

5
 was published. This paper will try to 

summarize the results of that discussion and to draw 
some first conclusions with regard to the question of 
the relative total costs of an energy supply strategy 
based on renewable energy sources. 



sion of the last three years. This work was centred 
around a comparison of conventional electricity gen-
eration based on fossil and nuclear fuels with wind 
energy and photovoltaics applied in Ge rmany . 
These areas of social costs covered are: environmen-
tal effects; impacts on human health; depletion costs 
of non-renewable resources; structural macroecono-
mic effects; and, subsidies. Due to the scarce availa-
bility of empirical data and some fundamental prob-
lems in monetizing, a number of effects have not 
been quantified or specified in monetary terms by 
the author so far .

9 

Accordingly one should interpret the results pre-
sents in the following as a preliminary overview 
producing rather crude figures. Wherever doubt 
exists, assumptions have been made favouring con-
ventional energy and counter to the underlying 
hypothesis - that the social costs of systems using 
renewable energy sources are considerably lower 
than those of systems using conventional energy. 
Thus, the author feels confident that the difference 
in the real social costs between the renewables 
considered and the conventional electricity genera-
tion in Germany is even larger than these results 
show. 

The estimated specific health and environmental 
costs of electric power production from fossil fuels 
have been based on available studies trying to mone-
tize the overall damages of air pollutants in Ger-
many. Little information is available on the possible 
damages of C 0 2 emissions through global climatic 
changes. In general the social costs of environmental 
and health impacts have been measured as roughly 
a t t r ibu tab le damage costs . In contras t to this 
approach other authors favour control cost estimates 
as proxies for the actual damage costs, as these are 
easier to analyse, while some advocate contingent 
valuation procedures like 'willingness-to-pay' analy-
ses, which allow a broader range of impacts to be 
covered than direct costing. Because the control cost 
approach allows for a substantial level of arbitrary-
ness due to the emission level allowed and because 
the contingent valuation methods result in somewhat 
less reliable results, these approaches have been 
chosen for the analysis only in rate cases. Control 
costs have been used for some first estimates on C 0 2 

emission impacts through global climatic change. 
The figures used are based on an overview of US 
studies on the subject published by K o o m e y .

1 0 

As the author has shown in other publ icat ions
1 1 

there is strong evidence that the prices of non-
renewable energy sources do not reflect long-term 
scarcity, because major aspects of intertemporal 
allocation like sustainability and intertemporal jus-

Renewables and the Full Costs of Energy 

AGGREGATED RESULTS AND 
COMPARISON OF SOCIAL COSTS 

When the quantified social costs of conventional 
energy systems for the production of electricity 
based on fossil fuels are totalled and standardized 
for the production of 1 kWh, gross social costs in the 
range of 0.03 to 0.16 DM/kWh result (1989 D M ) . 
(The value of 1 D M at the time of writing is about 
US$ .6 or approximately £0.37.) For electricity 
generated in nuclear reactors (not considering fast 
breeder reactors) gross social costs in the range of 
0.1 to 0.7 DM/kWh result. A weighted average for 
these gross social costs according to the fuel com-
position found in (West) Germany 's electricity gen-
eration in 1984 is 0.05 to 0.29 DM/kWh. Table 1 
summarizes the social costs of different means of 
electricity generation quantified in monetary terms. 
In order to facilitate a net analysis of the social costs 
(or benefits) of renewables the social cost figures for 
conventional electricity carry positive signs in Table 
1, while each negative effect of renewables shows a 
negative sign. In this way the calculation of the 
difference in the social costs can easily be done by 
adding position d . l through d.4 for wind energy (e . l 
through e.4 for PV) including the avoided average 
gross social costs of conventional electricity genera-
tion as position d.4, which is the total calculated in 
part c of the Table . 

When one considers the social costs and benefits 
of electricity generated by wind energy - with the 
social costs of present electricity generation included 
as avoided costs (d.4) - total social net benefits in 
the range of 0.05 to 0.28 DM/kWh result. This can 
be considered as a probable range for the minimum 
social net benefits of wind energy. The sum of net 
social benefits for photovoltaic electricity supplied to 
the public grid lies between 0.06 and 0.35 DM/kWh 
after all netting is done . Again, this is only an 
estimate of a probable range for the minimum social 
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tice are presently disregarded in favour of extremely 
high and wasteful energy consumption. If energy 
prices are to steer long-term sustainability, simple 
models for the calculation of reinvestment costs and 
appropriate surcharges need to be drawn up. First 
estimates of such costs are included in the figures 
quoted in the fol lowing.

12 

In the case of macroeconomic effects the structu-
ral differences in the production and consumption 
resulting from different energy scenarios have been 
analysed. These are mainly changes in G N P and 
employment . 
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Table 1. Comparison of the social costs calculated by Hohmeyer in 1988 and the results of recalculations performed in 1990 (all figures in 

Pf/kWh (1982)). 

Gross social costs of electricity 
generated from fossil fuels (all figures 
are estimated minimal social costs) 

Environmental effects 
Depletion surcharge (1985) 
Goods and services publicly supplied 
Monetary subsidies 
(including accelerated depreciation) 
Public R&D transfers 

Total 

Gross social costs of electricity 
generated in nuclear reactors, excluding 
breeder reactors (all figures are estimated 
minimal social costs) 

Environmental effects (human health) 
Depletion surcharge (1985) 
Goods and services publicly supplied 
Monetary subsidies 
Public R&D transfers 

Total 

Average gross social costs of the 
electricity generated in Germany in 1984 

Costs due to electricity from 
fossil fuels (weighting factor 0.705

a
) 

Costs due to electricity from 
nuclear energy (weighting factor 0.237

b
) 

Total (conventional electricity) 

Net social benefits of wind energy 
Environmental effects (noise) 
Public R&D transfers (estimate) 
Economic net effects 
Avoided social cost of present 
electricity generation 

Total social benefits rounded to 
two digits 
Mean 

Net social benefits of solar energy (PV) 
Environmental effects 
Public R&D transfers (estimate) 
Economic net effects 
(not including 1982 figures) 
Avoided social cost of present 
electricity generation 

Total social benefits rounded to 
two digits 
Mean 

Hohmeyer (1988) New calculations (1990) including C 0 2 

Emissions 1982 New power plants 1990 

1.14- 6.09 2 . 6 - 10.67 2.05 - 7.93 
2.29 0 .67-4.71 
0.07 0.06 

0.32 0.30 
0.04 0.02 

3.86-- 8.81 3 .65 - 15.96 3.11 - 13.03 

1.20- - 12.00 3.48-21.0 
5.91 -- 6.23 4.88 - 47.72 

0.11 0.11 
0.14 0.14 
2.35 1.46 

9.71 -- 20.83 10.06-70.13 

Fossil power New fossil 
plants 1982 power plants 1990 

2.87-- 6.56 2 . 5 8 - 11.25 2 .19 - 9.19 

2.48-- 5.32 2 . 3 8 - 16.2 
5.35 • - 11.88 4.96 - 27.87 4.57 - 25.81 

(-)0.01 (-)0.01 
-0.26 - (-)0.52 - 0 . 1 6 - (-)0.33 
+0.53 - (+)0.94 + 0 . 4 7 - (+)0.78 

+5.35 - (+)11.88 + 4 . 9 6 - ( + )27.87 (+)4.57 - (+) 25.81 

+5.6 - ( + ) 1 2 . 3 5.26 -28.32 4.87 - 26.25 
(+) 8.9 16.8 15.6 

( - ) 0.44 (-)0.44 
-0.52 - ( - ) 1.04 -0.33 - (-)0.65 

+2.40 - ( + ) 6.65 +2 .35- (+)8 .35 

+5.35 - (+)11.88 + 4 . 9 6 - (+)27.87 (+)4.57 - ( + )25.81 

+6.8 - (+ )17 .1 +6.54 - (+)35.13 (+ )6 .16 - ( + )33.07 
(+)11.9 20.8 19.6 

Notes:
 a
 Old weighting factor 0.7444;

 b
 Old weighting factor 0.2556. 

Source: Hohmeyer, op cit, Ref 4, ρ 8. 

net benefits. All assumptions underlying these fi-

gures minimize the advantages of renewable energy 

sources. Therefore, in cases of doubt , the probable 

social benefits of the renewable energy sources 

analysed are considerably greater than these figures 

show. This point has been borne out by all national 

and international discussions on the first results 

published by this a u t h o r .
13 

Even without including all social costs and even 

with a deliberate bias against renewable energy 

sources, the net social benefits in monetary terms of 

wind and photovoltaic energy are comparable with 

the basic market prices of conventionally generated 

electricity. Thus , any statement on the 'high relative 

costs of renewables ' has to be reconsidered in the 

light of a full cost analysis taking into account the 

substantial differences in social costs between con-

ventional electricity generation and renewables. The 

handling of the issue of social costs may have a 

considerable effect on the time schedule for the 

market introduction and diffusion of seemingly ex-

pensive technologies utilizing renewable energy 

sources. 
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Figure 1. Cost development of two competing technologies for electricity 
generation over time (no social costs considered). 
Source: Hohmeyer, op cit, Ref 14. 
Notes: P E R: wind energy as an example for renewable energy sources; P E Ci : conven-
tional electricity, only internal costs. 

EFFECT OF SOCIAL COSTS ON THE 
COMPETITIVE SITUATION AND 
MARKET DIFFUSION OF 
RENEWABLES 

How can the impact of considering social costs on 
the competitive position of a new technology ν an 
established one be analysed? One way is to examine 
a two-product market , as Figure 1 portrays. The 
costs of the established technology are increasing 
gradually due to rising exploration and mining costs, 
for example, while the costs of the new technology 
based on renewable energy sources are decreasing 
considerably over time due to technological learn-
ing. One can show such developments empirically 
for conventional electricity and wind or solar energy. 
At the point t0, the new energy technology reaches 
cost effectiveness if one considers no social costs. 
The substitution process can start at t0. 

Figure 2 shows the effect of including the net 
social costs. These are defined as the difference 
between the social costs of conventional electricity 
generation and those of the new technology. A static 
application of the social costs for a base year (eg 
1988) results in a parallel projection of conventional 
electricity's market price curve. This results in a new 
intersection with the renewable energy cost curve 

and shows that the new energy technology reaches 
cost effectiveness at / 0

 _
 Δ-ί at tx. If the social costs 

reach a sizable order of magni tude, then a distorted 
competitive situation results: The wrong price sig-
nals are given through the markets to the potential 
investor for the choice of energy technologies. 

Because cost effectiveness does not lead to instant 
technology substitution but to a substitution - or 
market diffusion - process that may easily stretch 
over 20 or more years, one can picture the impact of 
not considering social costs as a shift of Δ-ί in the 
new technologies market penetrat ion curve as shown 
in Figure 3. If one does not consider social costs, 
then the whole diffusion process is delayed by this 
time span as compared with the best possible diffu-
sion time schedule for society. 

The social costs empirically quantified in Table 1 
are applied in the following analysis of the future 
competitive position and market diffusion of wind 
and photovoltaic solar energy. Figure 4 shows the 
impact of including social costs on the competitive 
situation and on the resulting market diffusion of 
wind energy systems in Germany. All assumption 
for this analysis are given in Table 2. It should be 
pointed out that there are different assumptions on 
the percentage of the electricity produced, which is 
fed back into the grid for wind energy systems (80%) 
and photovoltaics (50%). This explains the different 
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Figure 2. Cost development of two competing technologies for electricity 
generation over time (social costs considered). 

Source: Hohmeyer, op cit, Ref 14. 
Notes: P E R: wind energy as an example for renewable energy sources; P E Ci : conven-
tional electricity, only internal costs. P E Cs

:
 conventional electricity including social 

costs. 

prices of conventional electricity which the renew-
ables have to compete against, as the buyback rates 
are lower than the avoided costs for electricity used 
for own consumption. 

For the electricity costs of small wind energy 
systems of 50 to 100 kW nominal power, a cost curve 
has been derived on the few available German wind 
energy cost figures for the period 1980-86 and on 
well documented Danish wind energy data for the 
years 1975-85. As we see from Figure 4(a) the 
German wind energy cost curve intersects with the 
market price curve of the electricity to be substituted 
at point Λ (2002). At this point in time wind energy 
produced by a private autoproducer is competitive 
with the electricity from the grid which is to be 
substituted at market prices not including social 
costs. 

Adding the lower range of the estimated minimum 
net social costs (0.05 DM/kWh based on new fossil 
power plants) to this market price curve results in a 
second curve for the substituted electricity where 
point 5(1991) is the new point of cost effectiveness 
for wind energy. Adding the upper range of the 
minimum net social costs of electricity (0.26 DM/ 
kWh based on new fossil power plants) to the 
market price of substituted electricity gives a third 
intersection C(1981) as new point of cost effective-
ness for wind energy. Figure 4(b) shows the resulting 

change in market penetrat ion of wind energy sys-
tems resulting from this altered competition situa-
tion. We can conclude that , including social costs, 
wind energy is competitive considerably earlier than 
market prices show. Accordingly, the market 
penetrat ion of wind energy systems starts much 
earlier. 

Figure 5 illustrates the situation for photovoltaics 
in Germany competing with electricity from the grid. 
The cost degression curve shown has been estimated 
on the basis of eight different studies on photovoltaic 
energy cost developments . Later comparison to 
other analyses has shown the estimated cost degres-
sion to be rather conservative. For a more favour-
able climate such as southern Spain or southern 
California the PV costs can almost be divided by 
factor two due to the greater amount of solar 
radiation per square metre and year. While the cost 
of electricity generation in isolated locations on the 
basis of diesel generators may be high as 0.5 to 1.5 
DM/kWh depending on the specific transportation 
costs. 

As in the case of wind energy, intersection 
^4(2019) gives the point of cost effectiveness for 
photovoltaics if no social costs are considered. In-
cluding the lower estimate of the net social costs as 
compared to conventional electricity (based on new 
technology for fossil plants) of 0.06 DM/kWh leads 
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Figure 3. Market diffusion of wind energy due to handling of social costs. 

Notes: 0 E Ci - market diffusion curve of wind energy (only internal costs); QECs'. 
market diffusion curve of wind energy taking social costs into account; P E R: wind 
energy as an example for renewable energy sources; P Ec i

:
 conventional electricity, 

only internal costs. P E Cs
:
 conventional electricity including social costs. 

to considerably earlier cost effectiveness at 5(2014) 
with the inclusion of the higher estimate of 0.33 
DM/kWh (new fossil plants considered) giving an 
even earlier point C(2002) of reaching competitive 
cost. Figure 5(b) illustrates the shifts in market 
penetration accordingly. D u e to the substantially 
higher costs of photovoltaics today, the inclusion of 
social costs will not have an instant effect on its 
market introduction as in the case of wind energy. 
Considering the short- to mid-term future situation 
one or two decades from now, the inclusion of social 
costs changes the competitive situation and market 
diffusion of photovoltaics dramatically. 

CONCLUSIONS ON THE REAL COSTS 
OF ENERGY 

After we have seen that renewables can supply more 
than the necessary energy services needed by man-
kind we found that - all costs considered - renew-
ables have considerably lower relative costs than 
market prices show. This is mainly due to the fact 
that we are subsidizing our present low market 
pr ices of conven t iona l energy sources by not 
accounting for major cost shares due to environmen-
tal and health damages as well as by wasting energy 
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Figure 4. Influence of social costs on starting point of market penetration of 
decentralized wind energy systems and future market diffusion to year 2030. 

Notes: (a) costs for electricity from wind energy compared with costs for substituted 
conventional electricity; (b) market penetration of wind energy based on costs shown 
in (a). 

at the expense of future generations. Once we stop 
costs being largely laid on parties not involved in the 
consumption of the energy we find that renewable 
energy sources (as well as the rational use of energy) 
really have cost advantages. This may be concluded, 
although the results presented are far from being 
final and exhaustive, because practically all assump-
tions made in cases of doubt lead to underestimating 
the true social costs of conventional electricity sys-
tems. 

An energy policy will be needed to internalize all 
social cost elements not presently included in energy 
prices to secure a sound future development of our 

energy systems and a sustainable development for 
mankind. This can be done by charging taxes or 
levies against the activities inducing substantial so-
cial costs. If this does not seem to be feasible in the 
short run, an increase in the buyback rate paid for 
electricity produced from renewable energy sources 
can be a starting point for setting things right. 

In G e r m a n y , the F e d e r a l G o v e r n m e n t has 
enacted a law which has been in effect since 1 
January 1991, to increase buyback rates for electric-
ity from wind turbines and photovoltaic installations 
to 90% of the electricity rates charged by the utilities 
to final consumers. This has led to roughly doubling 
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Table 2. Assumptions underlying the analysis of social costs and the impact on the 
competitive situation of wind and photovoltaics. 

General assumptions 

Price of substitutable conventional electricity ( 1982) 25.1 Pf7kWh 
Working price (62.5 % ) 15.6 Pf7kWh 
Payment for electricity supplied to the public grid 6.5 Pf7kWh 
Real price escalation of conventionally produced electricity 2%/year 
Real interest rate for the financing of new investments in wind and 
photovoltaic machines 5%/year 
Market potential for wind and photovoltaic machines 20 TWh/year 
'Pioneer market' (5% of the market potential) 1 TWh/year 
Time period for the diffusion phase (5% to 95 %) 20 years 

Assumptions about wind energy 

Share of wind energy consumed by owner 20% 
Share sold to utility 80% 
Compound gain of wind electricity (1982) 10.2 Pf7kWh 
Compound gain of wind electricity based on working price assumption 8.3 Pf7kWh 
Life expectancy of wind energy facilities 15 years 
Annuity 9.63 %/year 
Operating and maintenance cost 1.5%/year 
Wind energy costs in West Germany 

1980 44.8Pf7kWh 
1986 19.6Pf7kWh 
1990 15.0Pf7kWh 
2000 12.1Pf7kWh 
2010 10.2 Pf7kWh 
2030 8.4Pf7kWh 

Wind energy costs in Denmark 
1980 12.5 Pf7kWh 
1986 9.1 Pf7kWh 
1990 7.6Pf7kWh 
2010 7.4 Pf7kWh 
2030 7.0 Pf7kWh 

Assumptions about photovoltaics 

Share of photovoltaic energy consumed by owner 50% 
Share sold to utility 50% 
Compound gain of solar current 15.8 Pf7kWh 
Compound gain of solar current based on working price assumption 11.1 Pf7kWh 
Life expectancy of solar facilities 20-30/years 
Annunity 8.02-6.505 %/year 
Operating and maintenance cost 12 Pf7W/year 
Solar energy costs 

1982 267 Pf7kWh 
1990 122 Pf7kWh 
2000 62 Pf/kWh 
2010 42 Pf/kWh 
2020 32 Pf7kWh 
2050 26 Pf/kWh 

Notes: Pf = Pfennig, 0.01 of a German Deutsche mark (1982 prices); TWh = Terawatt 
hour; DM = Deutsch Mark (1982 prices). 

the buyback rates as compared to 1990. The same 

law prescribes rates of 7 5 % for electricity from 

biogas plants and small hydro installations. The 

resulting rate increases (about Pf8/kWh) corres-

ponds roughly to the average figure of the difference 

in social costs between conventional and wind or 

photovoltaic ene rgy .
15 

In the case of wind energy this law has led to a 

massive expansion in private applications for build-

ing permits for wind energy turbines in the coastal 

areas of Germany, which have average wind speeds 

above 5m/second. 

If other countries will follow this example, the 

only question left on the widespread introduction of 

renewable energy sources is how fast these should or 

need to reach a 50% share in the global supply of 

energy services, or when do we need to approach 

100%? 

Certainly renewable energy will be the resolution 

to the ' thermodynamic interlude' and not just a 
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Figure 5. Influence of social costs on starting point of market penetration of 
decentralized photovoltaic systems and future market diffusion to year 2040. 

Notes: (a) costs for photovoltaic electricity compared with costs for substituted 
conventional electricity; (b) market penetration of photovoltaics based on costs shown 
in (a). 

deceitful signpost, a false promise on the inevitable 

road to disorder. Keeping the full costs of different 

energy sources in perspective this turns out to be 

considerably less costly than first glance evidence 

suggests. 

'Tim Jackson, 'Renewable energy - great hope or false promise?
1
, 

Energy Policy, Vol 1, No 1, January/February 1991, pp 2-7. 
2
Bent S0rensen, 'Renewable energy - a technical overview', 
Energy Policy, Vol 19, No 4, May 1991, pp 386-391. 
3
World Bank, ed, World Development Report 1990, Oxford 
University Press, New York, USA, 1990. 
4
According to neo-classical economic theory internal and external 
costs add up to social costs. Because the neo-classical definition of 

external costs again excludes certain cost elements of the produc-
tion process handed on to third parties, Kapp (Κ. William Kapp, 
The Social Costs of Private Enterprise, Harvard University Press, 
Cambridge, MA, USA, 1950) criticizes this definition as being to 
narrow for analytical purposes. He suggests using the term 'social 
costs' to cover all cost elements of production and consumption 
processes handed on to third parties. As discussed in detail by the 
author in his original publication on this subject (Olav Hohmeyer, 
Social Costs of Energy Consumption, Springer-Verlag, Berlin, 
Heidelber, New York, 1988), the term 'social costs' will be used in 
this paper according to Kapp's definition. 
5
Hohmeyer, Ibid. 

6
Like the extensive US study by R.L. Ottinger et al, Environmen-
tal Costs of Electricity, Oceana Publications, New York, London, 
Rome 1990; or F. Barbir, T.N. Veziroglu and H.J. Plass, 
'Environmental damage due to fossil fuel use', International 
Journal for Hydrogen Energy, Vol 15, No 10, 1990, pp 739-749. 
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Two collections of papers on the subject should be pointed out 

besides the publications already mentioned: the special issue on 
'Social and Private Costs of Alternative Energy Technologies', 
Contemporary Policy Issues, Vol VIII, No 3, 1990, containing 
about 30 papers on the subject; and, second, a report on a 
German-USA workshop on the subject 'External Environmental 
Costs of Electric Power Production O. Hohmeyer and R.L. 
Ottinger, eds, Springer-Verlag, Berlin, Heidelberg, New York, 
1991, containing about 20 papers on the topic. 
8
See Olav Hohmeyer, 'Latest results of the international discus-
sion on the social costs of energy - how does wind compare 
today?', Proceedings of the 'European Community Wind Energy 
Conference' Madrid, Spain, 10-14 September 1990, H.S. 
Stephens and Associates, Bedford, 1990, pp 718-724; and 
Hohmeyer, op cit, Ref 4. 
9
These include: the psycho-social costs of serious illness or deaths 
as well as the costs to the health care system; the environmental 
effects of the production of intermediate goods for investments in 
energy systems and the operation of these systems; the environ-
mental effects of all stages of fuel chains or fuel cycles (specifically 
in the case of nuclear energy); the full costs of man made climatic 
changes; the environmental and health costs of routine operation 
of nuclear power plants; hidden subsidies for energy systems; 
costs of an increased probability of wars due to: securing energy 
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resources (eg the Gulf War); proliferation of nuclear weapons 
know how through the spread of 'civil' nuclear technology; and 
costs of the radioactive contamination of production equipment 
and dwellings after major nuclear accidents. 
1 0
Jonathan Koomey, 'Comparative analysis of monetary esti-

mates of external costs associated with combustion of fossil fuels', 
New England Conference of Public Utilities Commissioners, ed, 
Environmental Externalities Workshop - Papers Presented, Ports-
mouth NH, USA, 1990. 
n
S e e eg Olav Hohmeyer, 'Least-cost planning und soziale kos-

ten', Peter Hennicke, ed, Least Cost Planning - Ein neues 
Konzept zur Regulierung, Planung and Optimierung der Ener-
gienutzung, Springer-Verlag Berlin, Heidelberg, New York, 
1991. 
1 2

For an extensive discussion of such approaches see: Olav 
Hohmeyer, 'Adaequate berücksichtigung der erschöpfbarkeit 
nicht erneuerbarer ressourcen', paper presented at the Seminar, 
Identifizierung und Internalisierung externer Effekte der Ener-
gieversorgung, Freiburg, Germany, 19 April 1991. 
1 3
Hohmeyer, op cit, Ref 5. 

1 4
Source: Olav Hohmeyer, 'Social costs of electricity generation: 

wind and photovoltaic versus fossil and nuclear', Contemporary 
Policy Issues, Vol VIII, No 3, July 1990, pp 255-282. 
1 5
Hohmeyer, op cit, Ref 4, Table 1. 



Chapter 18 

Renewables and the Privatization 
of the UK ESI 
- a case study 

David Elliott 

The privatization of the UK electricity supply 
industry (ESI) was expected to be likely to 
improve the commercial prospects of at least 
some renewable energy technologies, especially 
given the introduction, in parallel, of a protected 
market/cross subsidy for renewables via the non-
fossil fuel obligation. Although some projects 
have benefited from the new arrangements, this 
paper suggests that on balance the institutional 
and strategic uncertainties and the tight contract 
conditions imposed had a negative impact, at 
least initially. Alternative, more interventionist, 
support policies are discussed, drawing on exam-
ples from the USA and Denmark. 

Keywords: Renewables; Privatization; Subsidies 

The U K has amongst the worlds best renewable 
energy resources - particularly wind, wave and tidal, 
with for example the ultimate technically feasible 
contribution put by the C E G B at around 18% of 
electricity demand by 2030.

1
 The Depar tment of 

Energy ( D O E ) view
2
 is that renewables could be 

generating up to 70 T W h of electricity by 2025 at 
competitive prices - compared to current electricity 
consumption levels of 250 TWh/year . In addition we 
might expect some 20 million tonnes of coal equiva-
lent of heat from renewables by 2025. Clearly these 
are theoretical potentials - and what can actually be 
achieved will depend crucially on a range of techni-
cal, institutional, environmental and economic fac-
tors, not least level of funding available. There is 
some dissention over the level of funding for renew-
ables, with, for example, the 1990 House of Com-
mons Select Commit tee on Energy report lamenting 

David Elliott is Director, Technology Policy Group, Open 
University, Milton Keynes, MK7 6AA, UK. 

the 'tiny or declining' R & D budgets for renewables .
3 

With the greenhouse global warming issue still 
very much to the fore, and the events in the Gulf 
recasting attitudes to energy once again, perhaps a 
new approach is called for, with renewables no 
longer seen as marginal, insurance, technologies, 
but as part of the mainstream. One of the rationales 
for the U K electricity privatization experiment was 
that it could stimulate the development of new 
technologies like renewables. In this paper we 
at tempt to explore the implications of privatization 
and other forms of stimulation for renewables. 

THE NEW TECHNOLOGIES 

We are faced with a whole set of 'new' technologies 
- based on the use of wind, wave, water, tidal, solar, 
geothermal and organic sources - all at different 
stages of development , although some of them are 
more or less ready for commercial deployment. 
There are a number of ways in which they might be 
developed; the most obvious being direct state fund-
ing. However , simple mission oriented 'technology 
push' approaches - based on throwing money at 
large R & D programmes - may not be appropriate or 
sufficient. As seems to be the lesson from the UK's 
Alvey advanced computing program, there is also a 
need for a market orientated follow through. 

The basic case for a more interventionist type of 
follow through is fairly familiar. New technologies, 
like renewable energy technology, usually have to 
challenge existing technologies in existing markets . 
Inevitably it is an uphill struggle, given that new 
entrants usually are also in the process of moving 
from the R & D phase through to commercial-scale 
deployment . 

Governments in general recognize this problem, 
and if they feel the new technology is strategically 
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wave R & D programme was all but wound up follow-
ing a review in 1982, although a new review is 
underway. 

Compared with many other countries, R & D sup-
port for renewables has been relatively low - rising 
to a peak of £24 million/year or so as at present 
(around £5 million for wind) but set to fall to near 
zero by the year 2000, on the assumption that the 
private sector will take over .

5
 This process was 

meant to be supported by the cross subsidy available 
to suitable projects, via a levy on fossil fuel burning, 
introduced within the 'non-fossil fuel obligation' 
( N F F O ) s c h e m e , as par t of the pr ivat izat ion 
arrangements in the U K governments ' November 
1988 Electricity Act. Under this scheme, the new 
private Regional Electricity Companies (RECs) in 
England and Wales are obliged to make power 
purchase contracts, at levels set by the Secretary of 
State for Energy, with suppliers of non-fossil fuel 
generated electricity, the additional cost (over and 
above the nominal fossil fuel price) being made up 
via a levey on fossil fuel generation. 

Given that initially the N F F O would mainly be 
satisfied from nuclear plant, with renewables only 
gradually edging in, the bulk of the levy would go to 
support nuclear power: the nuclear part of the 
N F F O was subsequently set at 8.5 G W . However, in 
April 1989, a 600 MW Declared Net Capacity 
(DNC) renewable quota was set aside within the 
N F F O , to be filled in stages by the year 2000. The 
initial 1990 renewable bids, however, fell outside 
this quota, simply being part of the initial overall 
N F F O . 

As will be described in more detail later, all did 
not go too well with this 1990 renewable tranche: the 
constraints on the availability of the levy (following 
an E C ruling in March 1990, it would only be 
allowed to run for eight years) and the tight commer-
cial conditions in the contracts being sought, severe-
ly limited the number of projects going ahead. Out 
of the original 370 or so 1990 applications (totalling 
around 2 G W installed capacity if the 500 MW 
Mersey Barrage proposal is included) only 75 were 
finally accepted (total capacity 170 MW). Some of 
the original proposals were no doubt non-starters, 
technically or economically, with 320 or so projects 
being more commonly cited as the realistic figure 
(the D N C figure being 1 237 MW, as illustrated in 
Table 1). However, many of these subsequently 
dropped out, with the 1998 levy deadline evidently 
being the main hurdle: most projects needed longer 
periods of initial support to be commercially viable. 

Of course the NFFO-levy was not designed for 
renewables, it was meant primarily to support nuc-
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important , they provide some form of subsidy, to 
support the move to commercial viability. Support at 
this level is usually more expensive than providing 
support for basic research and development - but it 
is not as expensive as investment in full scale capital 
projects. It is more like pump priming investment 
designed to establish commercial lift off. 

International experience 

With these geneal points in mind, what funding 
approaches have been adopted so far in relation to 
renewables? Windpower provides a useful point of 
reference. In the USA, relatively generous R & D 
budgets for renewables in the 1970s (eg under Presi-
dent Carter) were followed in the early 1980s by tax 
concession schemes which led to the so-called Cali-
fornian wind rush, with 16 000 or so privately-owned 
wind turbines (1.5 G W total capacity) being installed 
within a few years, mainly in windfarms in Califor-
nia. This boom, however, was rather chaotic - the 
machines were often poorly designed and sited, 
installed just to exploit the tax concession. When 
this was finally withdrawn in 1985, the industry 
contracted, but now is, arguably, leaner, fitter and 
more m a t u r e , having benef i ted from the 'ex-
perimental ' period. Significantly some 622 MW has 
been installed since 1985, even if US manufactured 
machines have been joined by macines from Den-
mark, the UK and more recently Japan. 

In H o l l a n d and D e n m a r k a m o r e carefu l , 
targeted, approach was adopted. Reasonably gener-
ous capital grants for private developers, of up to 
40% in Holland for example, were conditional on 
performance and environmental criteria - including 
careful attention to location. Attention was also paid 
to consolidating the industrial infrastructure. In 1989 
the Danish government decided that its wind subsidy 
programme, which had cost a total of $40 million, 
had achieved its purpose .

4
 Some 2 500 wind turbines 

had been installed (around 300 MW) including 
several windfarms and, although not without its 
problems, the Danish wind industry was well on the 
way to being viable, with a national target set of 
supplying 10% of electricity by around the year 
2000. A similar target exists in Holland. 

The UK experience 

In the UK, the whole process has been much slower. 
So far there are only a few individual wind turbine 
demonstration schemes plus the promise of some 
windfarms, a series of feasibility studies on tidal 
barrages, and some ongoing research on geothermal 
hot dry rock technology, together with some back-
ground support work for solar and biofuels: the 
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Table 1. 1990 NFFO applications: December 1989. 

Declared net 
Technology capacity (MW) 

Waste 669 
Landfill gas 91 
Sewage gas 20 
Wind 210 
Hydro 16 
Tidal 231 
Total 1 237 

Source: House of Commons Energy Committee, The Depart-
ment of Energy's Spending Plans, 1990-91, HMSO, London, UK, 
1990. 

lear power. That was the main reason for the EC's 
insistance on an eight year limit: the negative effect 
on renewables was unintended. The link up between 
renewables and nuclear in the N F F O has, in this 
respect, proved to be unfortunate, at least for re-
newables, for which the eight-year levy limit has 
been a major blow. By contrast, nuclear power, now 
back in the public sector, after the proposal to 
include it in the sell-off was withdrawn in November 
1989, has a whole series of other subsidies available 
to it. For example up to £2.5 billion has been set 
aside to help the nuclear industry with its fuel 
reprocessing, nuclear waste storage, and plant de-
commissioning costs. Renewables have had few of 
these advantages and continue to be the poor rela-
tive, with the fledgling renewable industry struggling 
to survive. 

To take wind energy again as an example, the 
Glasgow based engineering firm, James Howden, 
was one of the UK wind pioneers and broke through 
into the US market , with a 70 machine windfarm in 
California. Export led expansion is always difficult, 
but Howdens was unable to establish a domestic 
market , and decided, after some expensive teething 
problems with its California machines, to pull out of 
windpower altogether - blaming the delays and 
uncertainties surrounding privatization as at least a 
contributory reason. The British Aerospace/Taylor 
Woodrow Wind Energy Group consortium, was also 
initially successful in the U S A , but has so far found it 
hard to get UK orders , while the blade supplier, 
Composite Technology, has gone into liquidation, as 
has the pioneering Northumbrian Energy Workshop 
wind cooperative, who also blamed privatization for 
their demise: it had they said initially seemed to be 
'an opportunity to sweep clean and get rid of the old 
ideas' but had fallen foul of 'a political at tempt to 
make it more attractive to shareholders ' .

6 

RENEWABLE ECONOMICS AND THE 
1990 EC RULING 

It is worth reviewing the events surrounding the 1990 
N F F O in more detail, since they highlight many of 
the economic and institutional problems facing re-
newables. 

The economics of renewables, like those of most 
energy technologies, are very sensitive to the rates of 
return expected and the period over which the 
supply contract runs. Given that there are no fuel 
costs (biofuel and waste fed systems apart) just 
capital costs plus limited operational and mainten-
ance costs, the longer the contract the better the 
economic return. Under public sector conditions, 
long contracts (often for the full lifetime of the 
plant) with low rates of return (traditionally 5 % , but 
more recently 8%) were the norm, but in the new 
private sector environment, at least a 1 1 % real rate 
of term would be expected, along with shorter term 
contracts. Taking a typical windfarm project as an 
example, Peter Musgrove from the Wind Energy 
Group ( W E G ) calculated that at a 5 % real rate of 
return over a 35 year lifetime, electricity could be 
supplied at ρ 3.5/kWh. However at 1 1 % over eight 
years, the unit cost would rise to ρ 8.3/kWh.

7
 The 

Depar tment of Energy had set a cap of ρ 6/kWh for 
the renewable projects under assessment as candi-
dates for the 1990 fossil fuel levy. 

Many of the initial applications assumed 15-20 
year contracts, with unit costs therefore falling be-
low ρ 6/kWh, (eg ρ 5.7/kWh on W E G ' s figures for a 
wind farm over 20 years at 1 1 % rate of re turn) , with 
the share that they assumed they would get from 
fossil fuel levy obviously helping to ensure success. 
On this basis the prospects looked quite good - and 
the ρ 6/kWh cap seemed reasonably generous. But 
as we have seen, this assessment proved to be 
p rema tu re . Some regional electricity companies 
evidently wanted shorter more flexible contracts, 
and, more importantly, the E C indicated that it 
considered that the UK governments plan for the 
fossil fuel levy, as outlined in the privatization 
arrangements (with non-fossil powered generation 
subsidized from a levy - the so called 'nuclear tax' -
on private fossil fuelled plants) might be in conflict 
with the EC's 'fair competit ion' rules. The main 
thrust of the EC's criticism was directed against what 
they saw as a proposed subsidy for nuclear power. 
The fact that renewables were also meant to benefit 
from the fossil fuel levy, and would suffer if the levy 
was blocked by the E C , was incidental and, it seems, 
was not appreciated by the E C . But in the event an 
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willing to reapproach the E C to seek exemption 
from the eight year limit for renewables, the overall 
mood within the U K renewable energy community 
by mid-1990 was one of pessimism. For example 
Musgrove commented at the 1990 British Wind 
Energy Association ( B W E A ) conference Ί cannot 
see how any wind farm can be funded in eight year 
contracts ' . The B W E A

1 0
 commented, in a press 

release. T h e N F F O . . . in theory should provide a 
framework to encourage the harnessing of renew-
able energy. However , the contracts being offered to 
prospective developers are so short as to make 
almost all such capital investment commercially un-
viable' . 

THE 1990 NFFO 

Nevertheless protracted contract negotiations con-
tinued between the various generation companies 
and the R E C s , overseen by the D O E , and the new 
Office of Electricity Regulation ( O F F E R ) . As a 
result in September 1990, 75 out of the original 370 
or so initial proposals were accepted for inclusion in 
the N F F O , the bulk of them (128 M W total capacity) 
being biofuel/waste projects, including 25 landfill gas 
schemes and 86 M W of waste incineration capacity, 
together with 25 micro-hydro schemes. Only five 
wind farms (25 M W capacity in total) survived the 
contract negotiations, along with 2 M W of (already 
existing) individual wind turbines (see Table 2). 
Overall , two-thirds of the capacity was attributed to 
new projects. 

The statutory renewable element of the 1990 
N F F O (ie the renewable capacity which the regional 
electricity companies are obliged to contract for 
from suppliers) was set at 102.25 M W declared net 
capacity, (taking into account the intermittancy of 
wind) to be attained by April 1995, this level of 
capacity then running until 1998, when the levy 
would end. The 75 projects themselves, if all suc-
cessful, were expected to result in the installation of 
some 170 M W of capacity (or around 150 MW 
declared net capacity) so there was a small safety 
margin (see Table 2). But the difference between 
this figure and the total of around 2 000 M W of 
capacity initially bid for was widely remarked on, as 
was the long-term capacity target for renewables, 
also announced in September in the governments ' 
White Paper on the Environment , of up to 1 000 
M W by the year 2000 .

1 1 

Friends of the Ear th commented T h e Govern-
ment has squeezed out viable projects by continually 
changing the rules. The pathetically low and un-
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outright ban on the levy was avoided: at the end of 
March, just before vesting day for the UK ' s private 
electricity companies, and following strenuous lob-
bying by UK representatives, the E C accepted a U K 
Depar tment of Energy compromise proposal - that 
the levy should only be allowed to run up to 1998, ie 
for eight years. This constraint would not seriously 
limit nuclear power, given that it was back in the 
public sector and could expect ' internal ' state sub-
sidies. However, the limitation to eight years has 
disasterous implications for renewables, with the 
consequent eight year contracts making it unlikely 
that more than a few of the more novel renewable 
energy projects, like wind farms, could meet the 
ρ 6/kWh cap. The UK renewable energy community 
was seriously shaken by what many saw as a disaster-
ous turn of events. 

There was considerable debate over who was 
actually to blame - the E C or the U K D O E . New 
Scientists' claim that ' the British Government has 
strangled at birth a large number of proposed pro-
jects for renewable energy' was underscored by the 
views it quoted from Musgrove, who argued that 
there had been disagreement over the new contact 
time limits between the division responsibilities for 
renewable energy and that overseeing privatization, 
the latter wanting ' the legislation to be as simple as 
possible without any consideration of what it does 
for renewables ' .

8 

Certainly it seems that it was the U K side that 
suggested the eight year limitation, and, although 
this could be seen as a compromise to head off an 
outright E C ban on the levy, the UK government 
could have sought to have renewables exempted 
from the time limit - a proposal that seems likely to 
have been accepted given the EC 's positive policies 
on renewables. Indeed, in a recent press release, 
Friends of the E a r t h

9
 have suggested that the E C 

would still welcome a request from the U K govern-
ment for renewables to be exempt from the 1998 
deadline; they also claim that in fact it was the U K 
government who 'chose to apply the same terms' to 
renewables (author 's emphasis). 

But leaving speculations like this aside, it does 
seem clear that the U K governments ' tie up of 
renewables and nuclear in the non-fossil fuel levy, 
had proved very unfortunate for renewables, with 
renewables being inadvertantely tarred with the 
same brush as nuclear by those in the E C opposed to 
further nuclear subsidies. Subsequently the D O E 
tried to soften the blow somewhat, but suggesting 
that the initital price could be higher, as long as it 
averaged out to 6 ρ over the whole contract period. 
Even so, with no sign of the U K government being 
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Table 2. First NFFO/renewables order (1990) set at 102.25 MW (DNC) at April 1995. 

Agreed contracts 
No of Capacity MW 

Technology projects installed (DNC) 

Landfill gas 25 35.5 35.5 
Hydro 26 11.6 11.6 
Bio-gas 8 6.5 6.5 
Waste incin. 7 86.0 86.0 
Wind 9 28.4 12.2 

Total 75 168.3 152.1 

Note: To run from 1 October 1990 until 31 December 1998. 

ambitious target sums up the governments atti tude 
to the future of renewables ' , while the B W E A saw 
the 1990 wind allocation (less than 30 M W installed 
capacity in total out of the 488 M W worth of initial 
bids) as 'embarassingly small' compared with coun-
tries such as Denmark , the Netherlands and Spa in .

1 2 

The point was also regularly made that the N F F O / 
levy scheme did not cover Scotland - which has a 
large wind resource. 

For its part , the government tried to shift part of 
the blame on to the renewable energy community, 
with for example Colin Moynihan, the new minister 
responsible for renewables, suggesting that the wind 
operators were ' too poorly prepared ' . This was hotly 
denied by Jim Halliday, President of the B W E A , 
commenting that it was the way the contracts had 
been devised and then constantly revised that had 
been the problem. 'The technology is ready to be 
harnessed, but the Government has sometimes sud-
denly changed the goal posts. It is not surprising that 
prospective wind operators have been unwilling to 
s ign ' .

1 3 

Recriminations and special pleading apart , it does 
seem clear that the 1990 renewable N F F O exercise 
had not gone smoothly, especially in relation to 
some of the more novel options like windpower. In 
part this was due to the haste in which the whole 
process was carried out , as determined by the need 

Table 3. Proposed second NFFO/renewables order (1991). 

Technology MW (DNC) 

Wind power 25- 50 
Hydro 5- 10 
Landfill gas 30- 60 
Municipal and general industrial waste 

incineration 50-100 
Others (eg sewage gas, combustion of 

special waste) 15- 30 
Total 150-200 

Note: To run from 1 January 1992 until 31 December 1998. 
Source: DOE, December 1990. 

to complete negotiations in phase with the overall 
privatization process. The D O E was evidently some-
what surprised by the number of proposals that came 
forward, and, given that this was the first such 
exercise they had been involved with, it is perhaps 
not surprising that there had been some delays and 
confusions. In this situation, from the D O E point of 
view, successfully selecting 75 projects might be seen 
as something of a tr iumph: some of the original 
contendors had in any case been rival projects for 
the same site and some were not technically or 
financially viable. 

The administrative situation will hopefully be im-
proved for the subsequent rounds of the N F F O . 
Following a D O E review of the 1990 exercise, the 
Secretary of State proposed that separate sub-
tranches for each renewable be introduced for the 
1991 round, with 'bands ' allocated for each technol-
ogy (see Table 3) together with separate band prices, 
based on a competitive tendering process. In part 
the aim was to support projects that were not ready 
for the 1990 round - particularly windfarms, with a 
25-50 M W (DNC) sub-tranche being proposed for 
wind p ro jec t s .

1 4 

THE 1991 NFFO AND BEYOND 

This innovation, although, as we shall see, not 
without its own problems, seemed to have the 
desired effect. Around 500 M W of renewable pro-
jects were put forward in the 1991 round, according 
to a survey carried out by Electrical Review,

15 

swamping the initial 150-200 M W (DNC) N F F O 
allocation. Similarly, with, according to an estimate 
by the Friends of the E a r t h

1 6
, 267 M W of the new 

wind applications (115 MW D N C ) , the 25-50 MW 
(DNC) wind sub-tranche was also heavily over sub-
scribed. In the final allocation, announced, after 
some delay, on 5 November 1991, more than two-
thirds (82.43 M W DNC) of the initial wind projects 
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Table 4. 1991 NFFO/renewables order actual allocations. 

REC's 
Band Order contracts 

Waste 
MW DNC 261.48 271.48 
No of schemes 10 
Price /kWh 6.55 

Other ' 
MW DNC 28.15 30.15 
No of schemes 4 
Price /kWh 5.9 

Hydro 
MW DNC 10.36 10.86 
No of schemes 12 
Price /kWh 6.00 

Landfill gas 
MW DNC 48.0 48.45 
No of schemes 28 
Price /kWh 5.7 

Sewage gas 
MW DNC 26.86 26.86 
No of schemes 19 
Price /kWh 5.9 

Wind 
MW DNC 82.43 84.43 
No of schemes 49 
Price/kWh 11.0 

Total 457.28 472.23 
No of schemes 122 
Eventual cost to Fossil Fuel Levy (£m/year) c£130m/year 

Source: Department of Energy, 5 November 1991. 

were accepted (49 projects), the overall 1991 renew-
able N F F O being set at 457 MW (DNC) (see Table 
4), with 122 projects out of the initial 282 applica-
tions being accepted. 

This was clearly a significant increase on the 
initally proposed allocation with, as a consequence, 
nearly half of the governments ' target 1 000 M W by 
the year 2000 having already been achieved. In 
response, when announcing the 1991 N F F O in 
November 1991, the Minister Colin Moynihan indi-
cated that the D O E ' s new independent Advisory 
Group on Renewable Energy, which had been set up 
earlier in the year, would be re-assessing the 1 000 
MW target. In evidence to that Group , presented in 
September 1991, Friends of the Ear th had already 
called for it to be expanded to 3 500 M W , while 
Greenpeace have been campaigning for a 10% con-
tribution to electricity supply by 2000 implying 
around 6 000 MW. 

If targets of this order are to be considered then it 
would seem necessary for significant improvements 
in the N F F O scheme to be introduced. As it is, 
although the wind element has increased, the bulk of 
the N F F O is still made up of industrial and domestic 

waste combustion projects and there have been 
some signs of environmental opposition to these 
schemes. For example, following the announcement 
of the 1991 N F F O , Greenpeace commented 'it is 
wrong to call incineration a renewable energy. There 
are continuing, serious doubts about the dioxins and 
atmospheric pollution that incineration c rea te s ' .

1 7 

Although there are obviously ways in which such 
emissions can be limited, some environmentalists 
would clearly prefer to emphasize the use of natural 
energy flows ie wind, wave, tidal and solar. 

But even leaving that issue aside, a significant 
expansion of renewables would presumably imply an 
increasing contribution from some of the more ambi-
tious 'natural flow' options. In the longer term, that 
would imply consideration of the larger scale options 
like wavepower and large tidal barrages, as well as 
off-shore wind, all of which, in turn, would imply the 
involvement of large companies. In the medium 
term there could be a role for a wide variety of new 
projects at the medium scale, if suitable support 
structures were available. For example, there has 
already been a call by the Mersey Barrage Company 
for the introduction of a separate N F F O sub-tranche 
for the Mersey B a r r a g e

1 8
 and the Open University 

Energy and Environment Research Group , in its 
evidence (October 1991) to the House of Commons 
Energy Commit tee hearings on renewables, sug-
gested that a separate sub-tranche be established, 
within the N F F O , for photovoltaic solar cells. 

In the shorter term smaller companies might play 
an increasing part , with small companies often being 
able to be more innovative. However , while small 
companies have already played a significant role in 
the 1990 and 1991 NFFO ' s , there have evidently 
been problems. In September 1991 Michael Spicer 
M P , who, when he was energy minister, had been 
closely involved with the privatization exercise and 
the governments ' renewable programme, told the 
Association of Independent Electricity Producers 
( A I E P ) , of which he had just been elected chairman, 
'it is still a brave small company which attempts to 
enter the N F F O unless it has the services of a good 
advisor ' .

1 9
 There have been repeated calls from 

independent producer groups for some form of 
special support scheme for smaller projects, via, for 
example, an exemption from the full rigours of the 
lengthy and costly assessment process, so as to help 
smaller companies compete with the better re-
sourced larger companies. 

Despite these problems, to their credit, some 
small companies, like Fibropower, were successful 
in traditional entrepreneurial terms (two of their 
chicken manure fuelled plants being accepted in the 
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1990 NFFO) . But the going was evidently tough: for 
example, Peter Edwards , a Cornish farmer and 
landowner whose windfarm, accepted under the 
1990 N F F O , looks like being the first to be com-
pleted, had to sell off his dairy herd to raise capital, 
and that was despite the benefit of a 40% E C grant. 
According to Edwards , the cost of legal fees and 
contract registration had been around £35 000. Un-
surprisingly, then, some other small developers have 
been unable to stay the course - second mortgages 
and the like notwithstanding. For example, despite 
having undiminished enthusiasms for renewable 
energy projects, the Welsh based Energy Parks UK 
windfarm company, which had unsuccessfully put up 
five windfarm proposals in the 1990 N F F O round, 
backed off the 1991 round. Others again, like 
E C O G E N , a small windfarm development company 
with local bases in Cornwall, Devon and Wales, 
changed tack. Following an unsuccessful bid in the 
1990 round, Ecogen obtained significant financial 
backing from a USA-Japanese consortium, involv-
ing the US Sea West windfarm developers and 
Tomen, a major Japanese energy and chemicals 
company .

2 0
 Ecogen put forward 13 windfarm pro-

posals (80 M W capacity) with imported machines 
likely to be used - possibly the increasing successful 
Mitsubishi turbine. 

In parallel with this internationalization process, 
economic and industrial concentration seems to be 
increasing. Perhaps the most significant develop-
ment has been the (September 1991) creation of a 
major new windfarm operating company National 
Wind Power (NWP) , 50% owned by National Power 
(NP), 2 5 % each by the existing Wind Energy Group 
(WEG) partners , British Aerospace and Taylor 
Woodrow, W E G itself continuing separately as a 
wind turbine manufacturing company. 

While this reorganization could give windpower a 
boost in the UK, given the involvement of NP , it 
could also threaten the already weak position of 
some of the smaller wind farm operating companies. 
After all N W P has the benefit of some 13 M W of NP 
and W E G wind farm capacity already agreed under 
the 1990 N F F O . Equally, the split up of operat ion 
and manufacturing may further weaken the U K 
wind turbine manufacturing base. Danish manufac-
turers, notably Vesta 's , have already successfully 
penetrated the U K market , and Mitsibushi could 
well follow. If that trend continues, it could be that 
the U K industry will increasingly focus on windfarm 
operation, buying in turbines from overseas and 
leaving the commercially more risky manufacturing 
side to others. 

Nevertheless, following the generally favourable 
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ALTERNATIVE APPROACHES 

While clearly the availability of the N F F O levy must 
have stimulated some projects that would not other-
wise have gone ahead, so far the general lesson 
seems to be that the privatization arrangements , 
both institutional and financial, initially hindered as 
much as helped renewables, particularly the more 
novel ones like windpower. Certainly that was the 
conclusion reached by the Watt Commit tee in its 
report on renewable energy sources 'New institu-
tional and financial factors would seem to positively 
harm the prospects of increasing the proport ion of 
electricity supplied by renewable sources ' .

2 2
 The 

changes made for 1991 seems to have improved the 
situation somewhat , but even so there would at the 
very least seem to be a case for further improve-

233 

result of the 1991 N F F O , and some encouraging 
signs that the government was 'opening up

1
 on 

renewables (for example via the establishment by 
the D O E of the independent Advisory Group on 
Renewable Energy mentioned earlier), the mood of 
the renewable energy community overall has light-
ened somewhat, at least in England and Wales. The 
fact that the N F F O does not apply to Scotland (or 
Northern Ireland) has, however, continued to be a 
major point of contention there , although changes 
are expected. In addition, following continuing cam-
paigning by pressure groups (like Friends of the 
Ear th ) , developers (like the AIEP) and professional 
associations (like the Β W E A ) , there have been 
suggestions that the 1998 NFFO/levy cut off date 
may also be removed, at least for subsequent rounds 
of the N F F O . In November 1991, the Minister Colin 
Moynihan, announcing the 1991 N F F O , indicated 
that the government would be discussing this issue 
with the E C , with a view to being able to extend the 
contract period for the 1992 N F F O beyond 1998. 

For the moment , however, the 1998 cut off re-
mains one of the key problems with the N F F O . As 
the B W E A

2 1
 put it 'As time passes the 1998 NFFO 

cut-off will become more and more crippling for 
wind energy and other renewables as the period for 
repayment of capital becomes even shorter ' . 

With the deadline now a year nearer , the need for 
a rethink is even more urgent. Otherwise if signifi-
cant tranches of renewables are continued to be 
accepted, the band prices will have to be artificially 
increased even further. For example, the band price 
for wind in the 1991 N F F O was set at p l l / k W h , and 
this price would no doubt have to be increased in 
each subsequent N F F O . 
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for renewables, including a goal of 1 000 M W 
(DNC) for wind by the year 2 0 0 5 .

2 4
 Friends of the 

Ear th justify the extra cross-subsidy on the one hand 
on the basis of environmental benefits (eg reduction 
of C 0 2 emissions) and on the other , by the need to 
take the pressure off environmentally sensitive high 
wind speed sites (which they claim wind farm de-
velopers were having to resort to because of the tight 
contract conditions). Even so, proposals like this 
might still be seen as a little over-generous, given 
that , in the end it would be the consumer who would 
pay. 

There may be ways to ensure the lift off of wind 
power and renewables without such long periods of 
relatively high, guaranteed operating subsidies. For 
example, although there would have to be protec-
tions against abuse, capital installation grants and 
low interest loans might be more appropriate if we 
are trying to support the less developed 
technologies .

2 5
 Grant or loan schemes might also be 

more appropriate for some of the smaller projects. 
Overall , there would seem to be a need to select and 
balance appropriate types of financial support for 
the various phases in the move from 'research' to full 
scale commercial success. 

While much of the basic research has now been 
completed, there is clearly still a need for more in 
some areas (eg in photovoltaics, geothermal and 
wavepower) as well as for more development work, 
eg to increase energy conversion efficiencies and 
technical reliability and reduce unit costs. For exam-
ple the layout of windfarms can be improved to 
reduce array interaction losses and blade design 
might be improved by the use of new materials. 

A recent report for the US D O E on the potential 
of renewable ene rgy

2 6
 estimated that while wind 

turbines on good sites can currently generate at 
around 7/kWh, this could drop to around # 4/kWh 
within around five years if suitable R & D funding 
was provided making windpower clearly competitive 
with gas. Given developments like this, the USA 
might expect the renewables to supply around 28% 
of toal energy requirements by 2030. To achieve this 
end, the US report calls for a major expansion of 
Federal renewable R & D support up to two or three 
times current levels, involving the allocation of 
around $3 billion over the next two decades, coup-
ling this initial ' technology push' approach with a 
'market pull' incentives approach, based on short-
term grants and subsidies for subsequent deploy-
ment . In particular it calls for low interest loans, or 
loan guarantees, to reduce the high risks investors 
perceive to be involved with new technologies, along 
possibly with tax credits during the early high risk 
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ments (the removal of the 1998 deadline etc) But 
beyond that , the question arises, what other or 
additional measures could be adopted? 

Most people would accept that public funding 
must play a role in the R, D & D phase, but that at 
some point most renewable projects should be able 
to be independent of state support. The main con-
tested issue is the appropriate level and duration of 
funding for renewables for the shift from research 
through to unsubsidized commercial scale deploy-
ment. The follow up support provided in the U K so 
far might be seen to be not only too penny pinching 
but also too short term - renewables arguably having 
been expected to be able to stand on their own feet 
rather too soon. That is not to say they need 
indefinate periods of subsidy, as the experience in 
Denmark suggests, but rather that in the U K they 
need just a few more years of support , less for some 
options (like wind) more for others (like wave and 
geothermal) . Of course there are exceptions: some 
options like large tidal barrages, which are one-off 
projects, are so front end capital intensive that they 
may need fall scale state support if they are to go 
ahead, a point made by the Watt Commit tee , which 
recommended the use of public sector rates of return 
for such p ro jec t s .

2 3
 But most of the rest are smaller 

scale, more modular and flexible, with incremental 
improvements possible, as operating experience is 
gained and technology advances: what seems to be 
needed is relatively small amounts of pump priming 
money - tens of millions rather than billions, and in 
some cases much less. Funding at this sort of level 
could compensate for the shortfall due to the eight 
year limitation on the levy, assuming that cannot be 
removed, and could tease out capital from the 
private sector. Certainly this is the sort of approach 
that would be likely to appeal to an incoming Labour 
government - which presumably would not have 
cash to fund major new projects itself, but was keen 
to see renewables developed. 

Some of the extra funding could come via the 
N F F O levy. There are obviously ways in which the 
N F F O arrangements could be improved so as to 
stimulate the development and deployment of re-
newables more effectively. In addition to the con-
tinuing pressure from the renewable energy com-
munity for the removal of the 1998 levy deadline, 
and for expanding the N F F O to cover Scotland (and 
Northern Ireland), there have been calls for more 
generous 'band prices' to be set. For example in a 
paper on wind energy, Friends of the Earth pro-
posed an index linked p8/kWh price ceiling, with 
contracts running over a 15-year period from the 
start of the project, together with expanded targets 
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years. Carefully targeted and phased support and 
incentives mechanisms of this sort could both stimu-
late development and deployment , and help renew-
ables to stand on their own feet more rapidly. 

UK OPTIONS 

Suggestions like this have been seen as almost 
heretical in the U K in recent years; for example 
D O E commented: 'Some countries have in the past 
tackled the institutional issues head on by offering 
financial incentives in the form of grants or tax 
concessions in order to stimulate deployment . . . 
This approach is not f avoured ' .

2 7
 This point was 

reinforced by Michael Spicer, then an energy minis-
ter, who argued that , while the government was 
happy to support initial research on renewables, ' the 
renewable technologies would not be best served in 
the long term by distorting the market by grant aid 
or other subsidies for their u s e ' .

2 8 

Subsequently, this line was softened, eg with the 
inclusion of renewables in the N F F O and, in gener-
al, the simple 'competitive market ' approach initially 
preferred by the government seems to have gradual-
ly been modified. Thus , instead of open competi-
tion, we now have an overall protected 'non-fossil 
fuel' quota (for nuclear and renewables) , a 600 M W 
D N C renewable sub-quota, to be filled in stages by 
the year 2000, and, more recently (December 1990) 
the introduction, as noted earlier, by the Secretary 
of State, of a series of designated bands for each 
renewable within the 1991 N F F O (see Table 3 ) .

2 9 

Although there could still be competition at the 
margin of the bands, and within them, the overall 
aim of the new scheme would seem to be to provide 
protected slots within which selected technologies 
can prosper subject only to a new price tendering 
scheme. Under this new procedure , the 1990 unit 
price ceiling was dropped. Instead, initial bids were 
made 'blind' by intending suppliers, a fixed 'band 
price' then being set at a level which would deliver 
an appropriate tranche of N F F O capacity, the band 
price then being made available to all acceptable 
projects that bid at or below i t .

3 0
 Quite apart from 

the issue of the ever nearer 1998 levy deadline 
which, as we have seen, is likely to force prices for 
some of the technologies up artifically high, the 
scheme attracted some criticism from the renewable 
energy community: for example, it was argued that 
projects which bid low could, in fact, get a windfall 
subsidy they do not n e e d ,

3 1
 while, alternatively, 

some developers might collude, albeit illegally, and 
submit high bids in order to get the average band 
price up. 

All this seems a far cry from the earlier claim in an 
editorial in the D O E renewable energy journal 
Review in 1990, that the N F F O 'has a major advan-
tage over initiatives in other countries in that it takes 
a whole range of renewable technologies capable of 
being applied for electricity (and) neither encour-
ages nor discriminates against any one particular 
technology. All pit themselves against real market 
condi t ions ' .

3 2
 The designated bands and the various 

ring fences within ring fences may ensure that some 
projects get going, but clearly it will be at the 
expense of the ideal of full 'open market ' competi-
tion. Step by step the government is having to 
abandon full competition and intervene to direct or 
at the least protect the development of each technol-
ogy. The next logical step is to move beyond selec-
tive market protection to actual targeted investment. 

That of course raises the question of which of the 
renewables should be emphasized. Currently, mar-
ket criteria dominate , with wind power consequently 
being seen as one of the front runners along with 
passive solar design, micro-hydrolectric turbines and 
some biofuels. These may be the best bets, but 
current unit cost estimates may not be the best guide 
to long-term costs and benefits: there are costs 
associated with foreclosing options prematurely and 
there are other strategic and environmental factors 
to consider, not least the scale of the resource and 
the associated environmental impact. For example, 
on land wind could perhaps ultimately supply up to 
20% or more of our electricity, but finding suitable 
and acceptable sites may limit it to , say, 10%. 
However , even though the associated unit cost may 
be higher, the offshore resource is much larger and is 
much less environmentally constrained. Similarly for 
deepsea wavepower. 

Strategic concerns and trade-offs like this imply 
the need for careful assessment of priorities within 
an overall context of a fully developed national 
energy policy, this in turn reflecting wider global 
environmental and resource constraints. Unfortu-
nately that is just what is missing at present in the 
U K - basically energy choices have been left to the 
market to decide, with minimum state intervention 
apart from a few ad hoc schemes. As has been 
suggested, this may not be sufficient for the future, 
in which case there could be a need for more 
c o m p r e h e n s i v e s t ra teg ic a s sessmen t , ove r seen 
perhaps , as the Labour party has recently suggested, 
by a n e w R e n e w a b l e E n e r g y D e v e l o p m e n t 
A g e n c y .

3 3
 Along with a serious, but not necessarily 

vast, financial committment by the state, in part-
nership with industry, to both develop the renewable 
technologies and stimulate markets for their energy, 
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ENVIRONMENTAL CONSTRAINTS 

Of course, that is not to deny that there are likely to 
be problems, as with all new technologies. Quite 
apart from purely technical problems, renewable 
technologies face something of a unique challenge in 
being both part of a 'solution' to some gobal en-
vironmental problems (eg C 0 2 emissions) and at the 
same time introducing some other, generally lesser, 
local environmental problems, eg visual intrusion in 
the case of wind tu rb ines .

3 4
 Although there may be 

some difficult trade-offs to make, in principle it 
should be possible, given time, consultation and 
careful design and siting, to eliminate or minimize 
many of these local problems. However, one of the 
practical problems with the current NFFO/levy con-
tract arrangements, certainly in their first year, has 
been that there has been insufficient time for full 
local consultation and environmental assessment. In 
the case of wind farms, the tight contract conditions 
have, it seems, forced some developers to target 
more environmentally sensitive high wind speed 
areas, thus precipitating opposition from some en-
vironmental and conservation groups. However, 
such opposition is not always aimed just at the 
project. As the Campaign for the Protection of 
Rural Wales put it in response to a wind farm 
proposed on the edge of the Snowdonia National 
Park, while they plan to oppose any inappropriate 
sitting proposals, they support windpower in general 
and aim to 'lobby hard to amend the financial 
package currently on offer to developers ' so as to 
allow less invasive s i t ing.

35
 Their conclusion that 'a 

much better policy and guidance for renewables is 
urgently needed in Britain' , would seem, as we have 
seen, to be one shared with many developers. 

CONCLUSION 

In July 1988, the then Under Secretary of State for 
Energy, Michael Spicer, claimed that ' the climate 
for developing renewable energy technologies in 
Britain has never been more favourable; in particu-
lar privatisation of the electricity supply industry 
should boost the commercial prospects for these 
technologies as a free market is es tabl ished.

3 6
 Given 

that the privatization process has only recently been 
comple ted , no final conclusion can be m a d e . 

However , while some improvements have been 
made in 1991, it seems that at least initially, neither 
the free market or much of a significant boost to 
renewables materialized. 

That is not to say the N F F O is irrelevant. It has 
clearly helped some projects, with the 1991 outcome 
being clearly an advance on the 1990 round. The 
prospects for the future are still a little unclear. But, 
while to many people in the renewable energy and 
environmental communities, the pace still seems 
agonisingly slow, the NFFO/levy arrangement could 
in principle provide a means for the fairly rapid 
development and deployment of renewables, if for 
example the government relaxed some of the finan-
cial constraints on the N F F O contracts. If a large 
number of renewable projects came forward in 
subsequent years, following, say, the relaxation of 
the 1998 deadline, the N F F O levy system would 
provide support . However , despite the govern-
ments ' insistance that the development of renew-
ables within the NFFO/levy system is now up to the 
market , it still retains some control over the scale of 
the final statutory N F F O allocation, and it would no 
doubt , reasonably enough, be wary of letting the 
levy (and therefore the prices consumers were 
charged for electricity) rise too much.That sort of 
consideration could be lessened if there was a 
strategic committment , on behalf of the govern-
ment , to stimulate the development of renewables 
rapidly via some form of direct aid on, for example, 
environmental grounds. But, as we have seen, that 
sort of committment seems to be absent or at least to 
exist only at a low level. In which case, given the 
governments ' insistence that a fairly severe competi-
tive climate must be retained, the onus for overcom-
ing the substantial financial obstacles, and for the 
deve lopment of renewables generally, will fall 
almost entirely on the developers. 

Although they have shown some interest in the 
N F F O , the main generation companies, NP and 
P o w e r G e n , h a v e , given the pos t -pr iva t iza t ion 
arrangements , no direct incentive to enter the re-
newables field. The obligation to contract to fill the 
renewable quota falls only on the 12 R E C s , some of 
whom may resent this obligation. Some REC ' s (like 
Yorkshire Electric and N O R W E B ) are initiating, or 
at least supporting, renewable generation projects, 
eg in conjunction with consortia like the Wind 
Energy Group . But the onus so far seems to be on 
other companies, eg the newly-privatized Water 
Companies and a variety of independent companies, 
large and sma l l .

3 7
 The emergence of the new N W P 

consortium may change the overall situation to some 
extent, and the expansion represented by the 1991 
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this could ensure that we could move towards the 
full scale deployment of an environmentally sustain-
able and commercially viable set of technologies. 
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NFFO certainly boosted morale within the renew-
able energy community. Overall , while some of the 
smaller developers are confident that they can suc-
ceed, especially if like Ecogen they receive external 
financial support , for the moment the prognosis, 
given the ever-nearing 1998 levy cut-off date , still 
looks uncertain. For example, there was some con-
cern that the relatively high band prices offered for 
wind projects might undermine the credibility of 
windpower. On this issue, the Minister, Colin 
Moynihan, when announcing the 1991 N F F O in 
November 1991, claimed that 'wind technology has 
some way to go before it can become commercially 
competitive' , a view not shared by many windpower 
developers, who, whilst recognizing that wind power 
is a developing technology, would point to the 
economic viability of wind projects in Denmark . 

The situation in the U K for windpower, and the 
other renewables, would hopefully change if the 
1998 constraint was removed, as it may well be for 
the 1992 N F F O . Further ahead, there is the gov-
ernmental review of policy on nuclear power and of 
the N F F O , scheduled for 1994 with, judging by the 
conclusions of the Hinkley Inqu i ry ,

3 8
 the strategic 

insurance value of 'diversity' in relation to ensuring 
security of supply and responding to the greenhouse 
global warming issue, likely to figure centrally. In 
this context, the nuclear industry will no doubt try to 
reinstate nuclear power as a key strategic option. 
Interestingly, there are already clear signs that , 
rather than its traditional hostility to renewables, the 
nuclear industry is beginning to welcome renewables 
as a stable mate , rather than a rival, within the 
N F F O , the 'nuclear ' and ' renewable ' elements of the 
statutory N F F O now having been formally de-
coup led .

3 9
 Certainly this view seems to prevail in 

government, with the Secretary of State for Energy, 
John Wakeham, endorsing the comment in the 
Inspectors Report on the Hinkley Inquiry that 're-
newable and nuclear generating capacity should not 
be regarded as competitors: both have a part to 
p l ay ' .

4 0
 More recently, the chairman of Nuclear 

Electric, John Collier, wrote in a letter to the Times 
that nuclear and renewables were 'naural allies and I 
want to encourage maximum coopera t ion ' .

4 1 

However, not everyone in the renewable energy 
community is likely to welcome the prospective 
embrace of the nuclear industry. After all, given that 
nuclear power has received the lions share of R & D 
funding over the years and still remains in the public 
sector, while renewables are having to face the 
market with only 2 % or so of NFFO/levy as protec-
tion, the situation remains a little imbalanced. 
Moreover, as argued earlier, it seems unlikely that 

the situation will change significantly in the near 
future, with renewables, given the present arrange-
ments , unable to make a very significant showing 
before 1994. 

The advent of a new government could of course 
alter priorities, as could the results of the new review 
of renewable energy technology currently being car-
ried out by the D O E , to update Energy Paper 5 5 .

4 2 

But whether or not new policy committments 
emerge, there would still seem to be a need to 
consider how support for renewables can be best 
organized. 

As has been argued in this paper , at the very least 
there seems to be a need for some improvements in 
the N F F O contract/levy system. Beyond that , it has 
been argued that the present arrangements repre-
sent a somewhat half-hearted hybrid market/ 
interventionist system, which, even if there were a 
'level playing field', would still leave short-term 
price and market factors to shape important long-
term strategic choices concerning patterns of tech-
nological development. Instead, a case has been 
made for a more interventionist approach, with 
limited, but serious public financial committment , in 
partnership with the new privatized E S I .

4 3
 The 

specific measures that would be most appropriate 
would depend on the overall strategic assess-
ment , but they would include strategically targeted 
operating subsidies, coupled with capital installation 
grants to help the less developed technologies, all 
within the context of fully developed national energy 
policy. 

Parts of an early version of this paper were included in Roberts, 
Elliot and Houghton, op cit, Ref 43. Thanks are due to Marcus 
Rand from the Open University Energy and Environment Re-
search Unit for comments on an early draft. 

!
CEGB Evidence to House of Lords Select Committee on the 

European Communities, Hearings on Alternative Energy 
Sources, HL Paper 88, HMSO, London, UK, June 1988. 
2
Department of Energy, Renewable Energy in the UK: the Way 
Forward, Energy Paper 55, HMSO, London, UK, 1988. 
3
House of Commons Select Committee on Energy, Session 
1988/89, The Governments expenditure plans. 
4
Wind Power Monthly, January 1990. 

S
CEGB, op cit, Ref 2. 

6
'Wind industry hurt

1
, Sunday Times, 1 October 1989. 

7
P. Musgrove,

 l
Wind energy a reality after privatisation

1
, Par-

liamentary Alternative Energy Group Seminar, London, UK, 
February 1990. 
8
New Scientist, 31 March 1990. 
^Friends of the Earth, press release, London, UK, 15 March 1991. 
1 0
British Wind Energy Association, press release, 8 August 1990. 

1 1
7 7 1 / 5

1
 Common Inheritance, White Paper on the Environment, 

Department of Environment, September 1990. 
]2
New Scientist, 29 September 1990. 

l3
The Times, 24 August 1990. 

1 4
Department of Energy, Renewable Energy Bulletin, No 4, 

December 1990. 

237 



Strategies for Implementation 
3 1

The Association of Independent Electricity Producers Submis-
sion to the Non Fossil Purchasing Agency (NFPA) December 
1990; Newsletter of the National Association of Water Power 
Users, February 1991. 
3 2
Editorial, Review, No 11, ETSU/Department of Energy, Spring 

1990. 
33
An Earthly Chance, Labour Party, 1990. 

3 4
A . Clarke, Windfarm Location and Environmental Impact, 

NATTA Report, Milton Keynes, UK, June 1988. 
3 5

Dew Llwyd Evans, Dyfi Windfarm Worries, Rural Wales, 
CPRW, Spring 1991. 
3 6

M. Spicer, Editorial, Review, No 4, Department of Energy, July 
1988. 
3 7

D . Elliott, 'New technology and restructuring in the UK energy 
industry: the case of renewable energy', Technology Analysis and 
Strategic Management, Vol 2, No 3, 1990, pp 253-263. 
3 8
Inspectors Conclusions and Recommendations Report on The 

Hinkley Point Public Inquiries, HMSO, London, UK, September 
1990. 
^Parliamentary Answer by Tony Baldry, 31 October 1990, 
Hansard, Column 522. 
40
Op cit, Ref 38. 

4 1
 John Collier, The Times, 24 April 1991. 

4 2
D O E , op cit, Ref 2. 

4 3
J . Roberts, D. Elliott and T. Houghton, Electricity Privatisa-

tion: The Politics of Power, Pinter Publishers, London, UK, 1991. 

238 

15
Electrical Review, 19 April 1991. 

1 6
Friends of the Earth, press release, September 1991. 

11
 The Guardian, 6 November 1991. 

18
Electrical Review, 19 April 1991. 

1 9
Michael Spicer, address to AIEP AGM, 26 September 1991. 

20
Electrical Review, 19 September 1991. 

2 1
BWEA, press release, 25 September 1991. 

2 2
The Watt Committee on Energy, Renewable Energy Sources, 

M.A. Loughton, ed, Report No 22, Elsevier, Oxford, UK, 1990. 
23
Ibid. 

2 4
Friends of the Earth, Removing the Windbrakes, London, UK, 

March 1991. 
2 5

M.J. Grubb, 'The Cinderella options: a study of modernized 
renewable energy technologies. Part 2 - Political and policy 
analysis', Energy Policy, Vol 18, No 8, October 1990, pp 711-725; 
Wind Energy in Europe: Time for Action, European Wind Energy 
Association, Rome, October 1991. 
26
The Potential of Renewable Energy, Inter-Lab Report for US 

Department of Energy, SER1, Sandia Los Alamus, Oak Ridge 
and Idaho National Labs, SER1/TP 260-3674, Golden, CO, USA, 
March 1990. 
2 7

D O E , op cit, Ref 2. 
^Parliamentary Reply, Hansard, January 1988. 
2 9

D O E , op cit, Ref 14. 
30
Non-Fossil Fuel Obligation, 1991 Renewables Tranche: Informa-

tion Notes for Generators, OFFER/NFPA, January 1991. 



Chapter 19 

The Cinderella Options 
A study of modernized renewable energy technologies 
Part 2 - Political and policy analysis 

M.J. Grubb 

Many factors contribute to the low status of 
renewable energy. The scepticism engendered by 
their apparently poor track record during the 
1980s is compounded by various limitations in 
the available data, a reluctance or inability to 
project technical developments, and a failure to 
transfer the results of technical assessments to the 
policy community in ways which influence ener-
gy projections and policy. The speed and extent 
to which the large potential for renewables can 
be realized will depend upon how rapidly the 
resulting dismissive attitudes change, and upon 
policy developments in response to this. Remov-
ing existing market obstacles, increasing R&D 
expenditures, and various forms of support in-
cluding institutional reforms can all be clearly 
justified, and they could make a large impact on 
renewable energy developments. 

Keywords: Renewable energy; Energy policy process; Supply 

In part 1 of this paper
1
 the author reviewed renew-

able energy resources and technologies, and argued 
that the technical prospects for renewable energy 
were good: they could grow rapidly in importance 
over the next few decades to make large economic 
contributions to energy supply in many countries. 
Given this, the study asked, why do renewables 
feature so little in energy projections and policy? 

Energy policy cannot be considered without refer-
ence to the environment. With the attacks on nuc-
lear power now joined by the rise of concerns about 

M.J. Grubb is with the Energy and Environmental Prog-
ramme, Royal Institute of International Affairs, Chatham 
House, 10 St James's Square, London SW1Y 4LE, UK. 

the manifold impacts of fossil fuels, the potential 
role and impact of renewable sources - for good and 
bad - should be a central element of the policy 
debate. It is not. This paper examines some of the 
reasons for this state of affairs, and the policy issues 
which would arise from taking renewable energy 
sources more seriously. 

The track record 

One reason for current scepticism about renewable 
energy is the disappointing progress made in de-
ploying renewables during the 1980s. Programmes 
for promoting renewable technologies in developing 
countries have rarely met hopes. In developed eco-
nomies, the picture has been no more encouraging. 
The crash US programme of the Carter years set a 
target of 20% renewable supply by the year 2000; 
the figure will probably not be half this .

2
 Some other 

industrial countries, such as Denmark and New 
Zealand, also have failed to meet the hopes of 
earlier projections. In March 1989 the New York 
Times wrote that: 

Some of the biggest backers of solar energy in the US are 
losing interest. . . the world's largest maker of solar cells, 
ARCO solar, is on the auction block because the parent 
company . . . now believes it can put its money to better 
use where it has most expertise, in oil and gas . . . ARCO 
follows the Exxon Corporation and the Shell Oil company 
in leaving the solar business. 

To which might be added a long list of wind and 
other renewable energy companies which have gone 
bankrupt or left the business. Things are not quite as 
bleak as this paints: ARCO's solar operations were 
taken over by Siemens, and are continuing; Shell 
retains some solar interests; and many of the wind 
companies have found private finance with which to 
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But the current situation - low oil prices and 
minimal impact of environmental concerns on ener-
gy decisions - is unlikely to last. The record can 
explain, and in part justify, some of the scepticism 
about the short term prospects and the rate at which 
renewables could be brought onstream. But this in 
no way invalidates the technical conclusion drawn in 
Part 1, or explains the near absence of renewables 
from the mainstream energy-environment debate . 

In directing an international project on 'Energy 
Policies and the Greenhouse Effect ' ,

7
 the author has 

discussed energy options with experts in many coun-
tries. Concerning renewables, the pattern which 
emerges is not only one of deep scepticism, but of 
widespread ignorance on many aspects of non-hydro 
renewable energy sources. At least four separate 
factors can be identified to explain the current state 
of affairs: 

0 a lack of primary data concerning some renew-
able energy resources and uses, which leads to 
an underest imate of both their actual and 
potential economic contribution to supplies; 

# excessive conservatism in technology and re-
source assessments, arising in part from the 
unconvent ional na ture of many renewable 
energy technologies and applications, and the 
legacy of outdated studies which reflect these 
same failings; 

# failures in transferring existing knowledge to 
the policy community; and 

# failures of vision in applying existing and 
broadly accepted assessments to energy projec-
tions and policy. 

Each of these bears closer analysis. 

Data gaps 
The data base for assessing renewable energy re-
sources is in many cases poor. The solar radiation 
resource is usually quite well known, but countries 
often lack adequate surveys of other resources. 

Global wind maps exist, but few in the wind 
energy business pay much attention to them. Wind 
regimes are affected by a wide variety of local 
effects, still not fully understood. National and local 
wind maps often do not indicate the density of 
measurements , the validation procedures (if any) 
used for d a t a ,

8
 or sometimes even the height of the 

measurements above ground. Detailed and careful 
assessments are required to determine the actual 
resources. Indeed, the wind speed maps for Califor-
nia available in the 1970s suggested that there were 
no areas suitable for the development of wind ener-
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regroup. Nevertheless it does not seem an auspicious 
point from which to make optimistic projections. 

There are many reasons for these disappoint-
ments. The technology pushed in developing coun-
tries was often inadequate or inappropriate to the 
local conditions, or both. An extensive review of the 
US A I D programme noted that 'project ideas can-
not simply be transplanted from place to place 
. . . ' ;

3
 this study concluded that a much greater role 

should be given to market forces in selecting renew-
able technologies. The observations also lend some 
support to the view expressed in Part 1, that renew-
able development and deployment will lead in the 
industrialized countries. 

In the U S A , a large part of the slow down can be 
attributed to the impact of the Reagan policies of the 
1980s. These dramatically curtailed many of the 
Carter initiatives, with large reductions in R & D and 
market support for many new sources, though the 
impact of the latter was in some cases offset by State 
initiatives as in California. An excellent review of 
the progress of renewables in the U S A noted how 
for every boost, there was a se tback.

4
 Support for 

renewable energy elsewhere - where it existed - was 
reduced as the real oil price began its slow decline 
from the early 1980s onwards, and then crashed in 
1986. 

The 1980s were a poor decade for all supply 
sources. World economic growth slowed, the de-
veloping countries lacked capital, and energy growth 
stagnated or even reversed in much of the developed 
world. With well-established conventional industries 
struggling for new business it is little surprise that 
novel technologies had a rough ride. The oil price 
collapse set them back further, and the long and 
deep fall of the dollar amplified the pain for foreign 
companies which had made renewable energy in-
vestments in the main market of the mid-1980s. 
Added to this was the half-hearted nature of support 
from many energy ministries, and in some cases 
more explicit market obstacles such as those out-
lined for the U K in Part l ,

5
 and discussed elsewhere 

for the U S A .
6 

With such a background the difficulties encoun-
tered in deploying renewables technologies to date 
are not suprising. Arguably, the surprising thing is 
not the poor record of renewable deployment, but 
the fact that the fledgling renewable industries have 
survived at all in these circumstances. The fact that 
some major sponsors pulled out suggests they do not 
expect the situation to improve as long as current 
conditions persist. For most purposes - wind energy 
in some areas being a likely exception - they are 
probably right. 



gy. The Californian Energy Commission Surveys, 
which identified the strong winds in the broad moun-
tain pass areas, were a critical factor leading to the 
development of wind in California: one leading 
official commented that 'the wind [business] . . . 
could have gone elsewhere in the US , but the data 
were just not there.'

9
 The practical wind resource in 

California is now estimated at around 13 000 MW. 

Biomass resources from existing forest and crops 
wastes can be estimated crudely from existing area 
and turnover statistics, but often the energy poten-
tial of these has not been quantified on the basis of 
different possible conversion technologies. The 
potential from various industrial and domestic waste 
products, such as delineated in the UK's N O R WEB/ 
ETSU study

10
 has rarely been identified. The suita-

bility of soils and climate for different energy crops, 
and the consequent energy potential with existing or 
projected technologies, has rarely been adequately 
quantified. 

Geothermal aquifers are mostly exploited in re-
gions where steam breaches the surface: surveying 
for deeper aquifers has rarely been carried out. For 
hot dry rock (HDR) assessment, heat flows and/or 
gradients may be known in general, but often they 
rely on a few measurements which could miss local 
anomalies. More importantly, surface characteristics 
may give a poor guide to the temperatures 5-6km 
below ground which could be of primary interest for 
H D R ,

1 1
 and subsurface structures which might aid 

H D R (eg natural fracture zones) are entirely un-
known. A striking indication of this occured in 1989, 
when a geological research well in central Europe 
had to be abandoned because the rock temperatures 
encountered quite unexpectedly proved too high for 
drilling to proceed to target depths .

1 2 

Tidal heights and offshore wave characteristics are 
generally very well known for shipping reasons. 
Promising areas for tidal energy - large estuaries or 
inlets with relatively narrow mouths - are usually 
easy to identify, but assessment of energy output and 
costs requires much more detailed work, including 
data such as depths profiles and bottom rock charac-
teristics; estimates, if they exist at all, are usually 
very rough. Possibilities for enhancing tidal energy 
capture through resonance effects

13
 have rarely been 

assessed. Local shoreline or other concentrations of 
wave energy, which could be critical in exploiting 
wave resources, are usually unknown except through 
local folklore. 

The lack of data concerns not only resources, 
however. Most international energy statistics - and 
often national ones as well - report only data for 
energy which goes through conventional energy net-
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works - commercial fossil fuels, nuclear, hydro, etc. 
Non-commercial sources, and those which involve 
transactions outside the main commercial energy 
routes (eg solar water heating, charcoal, etc) are 
often ignored. 

This is for the simple reason that gathering such 
data is extremely difficult, if not impossible. Never-
theless, it does mean that the existing renewable 
contribution is frequently overlooked. Combined 
with the limited data on resources, this inevitably 
downgrades renewables in general energy assess-
ments. 

Analytic conservativism 

It is an old saying that 'he who lives by the crystal 
ball will die eating ground glass'. Perhaps with this in 
mind, and because of the obvious difficulties and 
uncertainties involved in trying to project technical 
improvements, many assessments have tended to be 
very cautious in their assumptions about technology 
development, and the likely extent to which renew-
able resources could be exploited. Often indeed 
there seems great reluctance to project any substan-
tive developments at all. 

The problem with this of course is that technology 
is never static, so that assessments which assume it is 
are more likely than any to end up with their noses in 
ground glass - or simply to disappear into history. 
Unfortunately, the general aura of pessimism sur-
rounding such studies tend to persist. 

This is certainly the intellectual legacy of many of 
the major energy studies of the 1970s. For example, 
the IIASA study Energy in a Finite World

14
 devoted 

two detailed chapters to considering the various 
renewable energy resources and technologies. The 
first noted the large physical potential for direct 
solar energy, but, unwilling to make projections of 
the young technology of photovoltaics, IIASA 
analysed the impact of large-scale use of centralized 
solar power towers .

1 5
 The systems analysed costed 

many times conventional options (they still do) and 
used much more concrete and steel than fossil or 
nuclear thermal stations. Needless to say, modelling 
the impact of deployment of hundreds of gigawatts 
of this cumbersome , uneconomic and highly 
materials-intensive technology led to the conclusion 
that it would be cumbersome, uneconomic and 
highly materials-intensive. 

IIASA's second renewable energy chapter consi-
dered the renewables other than direct solar 
(biomass, wind, etc). It contained substantial origin-
al research and data on renewable sources, but 
technological assumptions were mixed, and con-
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optimistic than the state of the debate would 
suggest .

20
 Inadequate data and analytic conservat-

ism, and consequent relative ignorance concerning 
both present and future, are by no means the only 
factors. 

Transfer ignorance 

The factors noted above render attempts to quantify 
the long-term potential of renewable sources inevit-
ably uncertain, but the situation is as much a reflec-
tion of the low status of renewable energy as a 
reason for it. Different kinds of ignorance contribute 
to this low status, of which a major part is the failure 
of existing knowledge to be transferred to those in 
the realm of energy policy analysis and formation. 
Wind energy affords numerous examples: the five 
myths dispatched in Chapter 1 survive strong and 
healthy in many arenas. A degree of such 'transfer 
ignorance' concerning the current status of develop-
ing technologies is inevitable, because information 
takes time to disseminate, and because some sceptic-
ism is desirable (since those involved with any 
technology are usually unduly optimistic about its 
progress and prospects). Yet the problems are deep-
er than this. A major factor is the sheer difficulty of 
translating available information into forms which 
can be readily understood by non-specialists. 

The difficulties in summarizing conventional re-
sources are multiplied many fold for a technology 
such as wind energy, for example, where: the re-
source is uncertain because it depends upon the 
practical size of machines, the required spacing 
between them, and the practical siting density; the 
costs are very variable because of the large variation 
in site windspeeds, siting costs, and performance; 
and where the value of the variable electricity gener-
ated is disputed, but certainly depends upon the size 
of the system and the capacity deployed. 

An attempt to summarize the relevant informa-
tion and uncertainties in a form which allows for 
some of these factors whilst remaining condensed 
enough to be useful to the general policy community 
has been attempted with the UK renewable resource 
table presented in Part 1 (Table 2). Currently, even 
if the data are available, constructing such a table 
requires a depth and understanding which can only 
be obtained from extensive study of fairly obscure 
and technical reports. In the current flurry of analy-
sis concerning possible responses to the greenhouse 
effect, a table such as this would seem an essential 
tool in assessing the possible role of renewable 
energy; but to the author's knowledge, resource 
tables which attempt to reflect adequately both the 

242 

tained some incorrect physical as sumpt ions .
1 6 

II AS A foresaw a 'valuable, supporting role for these 
nondepletable resources', though this did not entire-
ly reflect the technical assessment, which despite its 
limitations was somewhat more optimisitic than this 
phrase suggests.

17 

An even more striking example - because it was 
devoted explicitly to assessing renewable energy -
was the US Technology Assessment of Solar Energy 
(TASE) project.

18
 In keeping with the time, the 

introduction gave an awe-inspiring account of the 
breadth and depth of the expertise and analysis 
summarized in the final report. Apparently also in 
keeping with the time, the analysis adopted the 
peculiar assumption that the fledgling renewable 
technologies would remain fledgling. The exhaustive 
analysis concluded that forcing a host of expensive 
and polluting technologies

19
 upon the U S A would 

be, well, expensive and polluting. The California 
windfarms bear testimony to the profound wisdom 
of this observation, but equally, to the profound 
indefensibility of assuming that technologies still 
rooted in the nineteenth century would develop no 
further once the necessary resources and incentives 
were available. 

More recent studies have for most part appeared 
more realistic (though it is not impossible that in 
another 10 years this comment too will have in-
digestible consequences). Indeed it is by no means 
always true that official assessments are pessimistic, 
as for example (it seems now - though it could 
change again) with H D R in the UK. But there are 
clear reasons for conservatism. Projecting technical 
advance requires some insight into the possibilities, 
unless it is to look simply like wishful thinking; it 
requires expertise and imagination, and some possi-
bilities are bound to be overlooked. Of course, 
overlooking problems can also be important, but this 
tends to apply at later stages, when particular 
favoured technical approaches are being developed 
with commercial expectations. Also, unexpected 
problems tend to be most severe for large, complex 
systems. 

Overall, it does seem that official assessments of 
renewables which with hindsight appear optimistic 
are in a rather small minority. It is equally true that 
independent assessments have often proved optimis-
tic, at least with respect to the expected pace of 
development; but there is a clear case for supporting 
both to get a broader view of possible outcomes. 

However, official and other technical assessments, 
especially those which try and consider explicitly the 
possible impact of R&D and other policy on renew-
able energy developments, do now seem much more 



potential and the uncertainties have not appeared 
for any other country. 

As a result, the policy debate is frequently 
clouded by false certainties, and is often years 
behind technical assessments. Yet even when fairly 
positive assessments of renewable energy have 
emerged from government studies - which has hap-
pened in a number of countries in recent years (Part 
1, and Ref 19 this paper) still these seem to have 
little impact on overall energy projections or policy. 
This points to the fourth and final factor considered 
here. 

Failures of vision 

The striking feature of the major energy studies of 
the early 1980s quoted above lies not so much in the 
failure to consider the paths of technology develop-
ment (several studies did make reference to possible 
advances), but the failure to reflect adequately the 
possible consequences of technical developments 
which the discussions note as possible. Similarly, the 
most striking feature of the current debate is not the 
pessimism of technical assessment, but the low pro-
file of renewables in projections and debate, often in 
sharp contrast to recent technical studies. This 
points to a phenomenon which might be termed a 
failure of vision. 

This is not only the preserve of past studies: the 
phenomenon is alive and well today. Consider, as 
one example, the implications in Japan if any of the 
'big three' technologies identified earlier are success-
fully developed and widely applied. First, the bulk of 
Japan lies below 40 degrees North and has a relative-
ly good solar resource. Given the high energy prices 
arising from the lack of indigenous fossil fuels, the 
prospects for economic photovoltaics are better than 
in many other countries, initially for meeting special 
loads (islands, isolated houses, air-conditioning) and 
later for meeting baseload demand. Resource esti-
mates vary, but go up to very high numbers, accord-
ing to siting assumptions.

21
 With successful develop-

ment of the technology and time enough, photovol-
taics might even be able to generate as much as the 
power system could uti l ize , which would be 
considerable.

22 

Second, Japan still has large forests, and signifi-
cant agricultural wastes, including wastes from forest 
industries. Wastes might yield up to nearly 20 mtoe/ 
year, or around 100 TWh/year of electricity. If forest 
residues and crops can be converted to electricity at 
high efficiency this figure might in principle be 
quadrupled,

23
 though this might entail considerable 

land conflicts. Such biomass use would also make 
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the system able to absorb more PV output. 
Third, Japan lies on the Pacific 'Ring of Fire'. 

Japan's experimental H D R well reached a reported 
temperature of 180°C at 2km, less than half the 
depth required to reach such temperatures at the 
best sites in Britain. Much of the country - including 
a large region around the Tokyo-Osaka corridor -
has heat gradients which are very high by interna-
tional standards, according to preliminary studies 
published by N E D O .

2 4
 The gross resource must be 

unquantifiably large. The practical potential is a 
matter of conjecture, but it is striking that if the 
economic assessments made by the UK ETSU team 
in 1986

2 5
 had been applied to the Japanese re-

sources, the conclusion would have been that 
Japan's hot rocks could provide an almost infinite 
source of electricity more cheaply than anything else 
available. 

Japan is a country synonymous with energy re-
source poverty, and is quite densely populated, but 
it seems that Japan could meet much or all of its 
electricity needs if all of the 'big three' infant renew-
ables were successfully developed to the point of 
large-scale commercial feasibility. That of course is 
unlikely, but it seems equally unrealistic to assume 
that none of them will be. Yet, less than 6% of 
Japanese government direct energy R & D expendi-
ture goes to renewable technologies (more than half 
of this goes on photovoltaics). More striking still, in 
the deluge of Japanese literature examining possible 
responses to the greenhouse effect, there has been 
relatively little mention of renewable energy. In-
deed, there has been more discussion of, and may 
soon be more money devoted to, ways of trying to 
remove and dispose of carbon from fossil fuel power 
stations, though most of the technologies are far 
more speculative even than those for H D R . 

If all this were based upon extensive studies which 
demonstrated basic physical reasons why these tech-
nologies were unlikely ever to become viable, this 
would be understandable. Yet such studies do not 
exist. This example is chosen because Japan is not 
exactly known for missing technological opportuni-
ties; if it can happen in Japan, it can happen 
anywhere. And it does. 

It is important to emphasize that the problem is 
not primarily one of specialist technical assessment. 
Japan's N E D O has noted the large potential for 
renewable energy; most of the estimates of UK 
renewables discussed in Part 1 are based on studies 
by the Department of Energy's ETSU. Estimates of 
possible future contributions published by the 
CEGB and Department of Energy itself are much 
smaller than the estimates of overall resources dis-
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of growing tension, dissent and confusion, in which 
accumulating evidence which appeared to conflict 
with the dominant paradigm was marginalized, 
ignored, or even abused. The emergence of a new 
paradigm, which could make better sense of existing 
data , was fiercely resisted - whether it was the 
Copernican heresy, Lavoisier's oxygen, or quantum 
mechanics. 

T h e current si tuation with renewable energy 
sources, in the author 's view, displays some remark-
able parallels with the structure of such scientific 
revolutions. The dominant paradigm, as displayed 
by official forecasts and statements , R & D funding, 
market supports , and national and international 
institutions, is that fututure energy supply in indust-
rial countries will necessarily remain dominated by 
large centralized fossil, nuclear and hydro resources. 
This paradigm faces growing tensions. Projected 
fossil fuel use is probably inconsistent with resource 
and/or environmental limits (or, to be more precise, 
the economic and environmental costs of extraction 
on such a scale appear so high that alternatives will 
necessarily come to the fore). The nuclear faith is 
increasingly at odds with institutional, political and 
economic trends in most countries. Statements on 
renewables made from within this paradigm fre-
quently apply unrealistic criteria to immature tech-
nologies, involve inconsistent t reatment of the im-
portance of 'public acceptability', and in some cases 
involve factual distortions. 

This is leading to a massive energy/environmental 
impasse, in the shriller forms of which one side is 
accused of promoting environmental devastation 
whilst the other is accused of seeking to destroy 
economies. Accusations of bad faith and sharply 
conflicting assessments of impacts and alternatives 
abound. 

The converse is not to deify renewable energy, 
which still faces obvious technical uncertainties and 
other difficulties, including environmental impacts; 
some renewable assessments reach indefensible 
heights of optimism and simplification which is just 
as misleading as outright rejection. Some of the ten-
sions can be lessened if more serious assessments of 
renewable sources are brought into the picture, but 
on neither side has a reasonably objective and 
informed assessment of renewable energy featured 
strongly. So where does the debate go from here? 

In the author 's view, the existing paradigm can no 
longer be plausibly defended against the technical 
developments in renewable energy. However , the 
question is not merely when the paradigm will 
collapse - that will be a many-staged and ill-defined 
process, which indeed is already beginning. The 
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cussed in Part 1 (because of limited time horizons 
and/or more pessimistic siting assumptions) but are 
nevertheless far from insignificant.

26 

The divide lies more between the technical asse-
sors and the general energy policy and political 
communities. The idea that non-hydro renewable 
sources might, on foreseeable timescales, contribute 
substantially to energy supplies in industrialized 
countries seems to be so far from the conventional 
wisdom that information indicating this is often 
discounted. The scepticism born of past disappoint-
ments is compounded by the historical focus on large 
centralized systems which makes it very hard to 
conceive of major supplies being gained from many 
relatively small, dispersed inputs, which are typical 
of many important renewables. The gap between 
perceived and actual potential is, in the author 's 
view, growing dangerously wide. Technological ad-
vances, and in some cases breakthroughs, are cer-
tainly needed: but the revolution required is one of 
attitudes. 

Whither the debate? 

It has been argued that wide information and 
perception gaps exist with respect to renewable 
energy. Why do these persist and how might the 
gaps narrow? Obviously, there are elements of 
vested interest seeking to protect existing industries 
from potential competit ion, and political interests 
seeking to defend past decisions about major re-
source allocations in the energy sector. Scepticism 
born of past disappointments is a factor; so is the 
emotional at tachment of many physicists and en-
gineers to large and centralized power sources, 
especially nuclear power. Yet in themselves these 
explanations seem inadequate . To throw more light 
on the situation it seems necessary to turn more to 
the realm of social sciences. It is now nearly 30 years 
since Thomas Kuhn published one of the most 
famous books on the philosophy of science, The 
Structure of Scientific Revolutions,
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 which examined 

the way in which the major theoretical scientific 
advances had occured in practice. The analysis -
rarely disputed - demonstrated that such 'scientific 
revolutions' rarely followed a smooth progression of 
ideas, with those in the field gradually modifying 
their views in keeping with new evidence. On the 
contrary, science and other disciplines reside in 
established paradigms - the dominant ways of look-
ing at and interpreting data: for example, the earth-
centred universe, the Renaissance theories of burn-
ing ('phlogiston theory ' ) , or Newtonian mechanics. 
'Scientific revolutions' were characterized by periods 



more serious questions are how, and what will arise 
in its place? 

The second of these can be answered reasonably 
easily. Renewable energy resources cannot meet 
unlimited needs: the density of demand for electric-
ity alone in some of the more densely populated 
industrialized countries may already push at or ex-
ceed the limits of what seems practical for renewable 
supply, even if major technological advances do 
occur. Electricity is the energy carrier which is by far 
the best-endowed with renewable resources, except-
ing low-grade heat in some areas, and it is hard to 
foresee renewable alternatives to some current fossil 
energy applications. Therefore for renewables to 
make a large impact, efficiency in energy use is 
essential, and even then the 'problem within the 
problem' of fossil fuels for transport and some 
special industrial applications remain. 

The only renewable technologies which seem re-
levant in these sectors are liquid fuels from biomass 
and hydrogen from PV. At least in countries with 
high population densities like much of Europe and 
Asia, liquid fuels from biomass seem likely to re-
main fairly minor compared with needs. Hydrogen 
from PV is still speculative, and for equally good 
reasons it seems improbable that costs could com-
pete with natural gas until there are very large gas 
price rises. Indeed without such price rises, natural , 
methanol or fuel-cell gas itself would be a bet ter bet 
for breaching the transport barrier, through com-
pressed natural gas cars. Also, the infrastructural 
requirements for an international solar hydrogen 
economy are so vast that it would take many decades 
to become establ ished whatever b reak throughs 
occurred. 

Added to this is the fact that deployment of 
large-scale renewable energy will have many en-
vironmental impacts. Biomass use can involve large 
land-use changes. Waste combustion can result in 
various emissions. Tidal barrages change the tidal 
regime in estuaries. Wind farms have a large visual 
impact. Geothermal stations would bring large 
volumes of minerals, some in toxic quantit ies, to the 
surface. PV manufacture still involves toxic chemic-
als. Even offshore wind and wave systems would 
have seabed and perhaps other unknown impacts. 
Indeed, II AS A considered that large-scale renew-
ables would involve undertaking 'ecological manage-
ment of awesome sca l e ' ;

2 8
 an exaggeration, but a 

pointed one . 
In other words, renewable sources cannot possibly 

be a panacea for all our energy woes. What they 
probably can do , however, is to form the third leg of 
a triad of responses which will form the path out of 
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the current energy/environmental impasse: efficien-
cy, gas, and renewables. Other resources - coal, gas 
and nuclear in the countries which choose this option 
- will remain important . But they will not dominate 
in the way they have in the past, or in the way most 
projections see for the future. This, in the author 's 
view, will be the paradigm which emerges to become 
conventional wisdom. The probable role of gas is 
already acknowledged, and on the path. Efficiency is 
now established as a core component of the debate . 
A revolution in attitudes towards renewable sources 
will complete the picture. 

The path towards this could lie somewhere be-
tween two extremes. On one model , official projec-
tions could continue to marginalize the possible 
renewable energy contribution, and funding could 
remain pitiful. The major uncertainities, both tech-
nical and environmental , would remain unresolved. 
Environmental groups could continue to assume that 
all the technologies could be successfully developed, 
given the financial support , and ignore the possible 
environmental implications of large-scale renewable 
systems. 

This is barely a caricature of the present situation. 
However , the energy/environmental conflict is likely 
to sharpen further. Antipathy towards nuclear pow-
er shows no sign of abating, and in most of the 
countries still following the nuclear path it seems to 
be growing. Acid rain and tropospheric ozone are 
still broadening problems. The evidence for green-
house warming seems increasingly strong, and a 
train of floods and/or severe droughts would gener-
ate enormous political pressures. Even without that , 
environmental concerns seem set to deepen. 

Undoubtedly , there are many who see in this 
looming crisis the prospects of a nuclear revival, 
which taking renewables more seriously might 
threaten. The problem is that not taking renewables 
seriously could pose an equal or greater threat . The 
renewables debate is bound to grow, and starving it 
of the technical and deployment experience needed 
to make realistic judgements will leave proponents 
free to elaborate conspiracy theories about the sup-
pression of painless alternatives to nuclear power. 
This could damage nuclear prospects just as much as 
taking renewables seriously, but in a far more des-
tructive way, with deep societal divisions and wild 
swings of policy in the offing. 

This indeed could be the situation building up in 
Sweden, where the probable at tempts to abandon 
the nuclear phaseout at some stage in the face of 
supply shortages will inevitably be met by accusa-
tions that the renewable alternatives, primarily 
biomass gasification and windpower have never 
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the main ones were summarized recently in Energy 
Policy.

30
 Concerning renewables, some of the same 

issues apply. 
One factor is information. Particularly for renew-

ables which 'ride on the back' of other activities, 
such as energy-from-waste, publicity concerning the 
basic technical opportunit ies is important because 
people may simply be unaware of the opportunit ies. 
Information has been one of the most widely recog-
nized, and widely met, needs in recent years, perhaps 
especially in countries with governments which are 
wary of more direct forms of intervention. 

Information needs can be more onerous . The 
example of wind energy, where the real windspeed 
at 20-30m above ground level over various terrain is 
often quite speculative, has already been noted. The 
costs to small-scale developers of measuring winds at 
many different potential sites, starting from little, 
may be prohibitive. Broader assessments of the wind 
characteristics in different regions, carried out by 
governments and available to all, would be an 
important boost. 

Incentive problems often arise for the more dis-
aggregated renewables. This is most obvious with 
respect to passive solar heating. Since this needs to 
be incorporated into building design, it depends 
upon architects being both knowledgeable and moti-
vated to incorporate solar features. Since the econo-
mic benefits are rarely passed on in terms of house 
prices, the incentives are small or non-existent. 
Passive solar depends primarily upon architectural 
training and upon guidelines in building regulations. 

The obstacles to active solar systems for heating 
water also share much in common with building 
efficiency issues; deployment requires expertise and 
incentives at the household level. Because of high 
consumer discount rates, and the fact that many 
buildings are occupied by people who do not own 
them and/or who expect to move after a few years, 
the 'market ' can capture only a small fraction of the 
economic potential . The importance of government 
policy is indicated by the wide variation in takeup 
between countries of similar climates - 60% of 
buildings in Israel use solar water heating, for exam-
ple, compared with little or none in some equally 
sunny countries. Clearly, government incentives or 
regulations, often of a similar form to some of those 
required for promoting efficiency, are crucial to the 
deployment of these and other household-level re-
newables. 

Similar remarks apply to some opportunities for 
exploiting agricultural wastes , particularly from 
small farms. Turning from wastes to actual energy 
crops raises two special issues. One concerns the 
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been seriously tried. And such accusations would 
not be without some foundation: given the situation, 
the resources devoted to developing the main renew-
able energy options in Sweden seem seriously 
i nadequa t e .

2 9
 Unless there are some very rapid 

changes, the model of the consensus society could 
degenerate into a prototype for the next round of 
energy/environmental conflicts. 

At the opposite extreme, on a cooperative model 
governments could soon accept the possible poten-
tial for renewable sources in their projections, and 
the implications of this in terms of policy, which are 
discussed later. For their part , environmental groups 
would need to face some unpleasant facts. As noted, 
development of large-scale renewables would not be 
without technical disappointments and environmen-
tal impacts. To date environmental groups have 
displayed at best mixed attitudes to developments of 
hydro, tidal power, and in some cases waste combus-
tion and wind developments. When renewable tech-
nologies move from development to deployment , a 
number of environmental trade-offs will have to be 
made . Sustainable development in the energy sector 
can mean many things, but it will certainly not mean 
invisible development, and environmental groups 
will have to accommodate this reality. It is indeed 
possible that , when faced with the realities of large-
scale renewable energy, societies will become more 
favourable towards nuclear power, and negotiate 
conditions for a nuclear revival. 

The 'cooperative' path would not be easy. It faces 
a triple inertia, with that of intellect being reinforced 
by those of existing institutions and investments. But 
some moves towards this are quite possible, and 
another set of issues then arise. If atti tudes did 
change, renewables did feature more seriously in 
energy projections, and governments did seek ways 
to encourage large-scale developments - what could 
they actually do? 

Broadly, there seem to be four main policy areas 
that need consideration: removing market obstacles; 
R & D ; support for deployment; and institutional 
reforms. The rest of this paper considers these in 
turn. 

Removing market obstacles 

Chapter 1 noted that some renewable energy options 
appear to be economic already, even at current 
energy prices, but were not being pursued. This is 
reminiscent of the 'energy efficiency gap ' - the fact 
that many cost-effective opportunities exist for im-
proving efficiency which are not being exploited. 
Many reasons for this situation have been advanced; 



extent of existing agricultural subsidies, and the 
'problem' of excess agricultural land. A US report 
estimated that over the next 25 years new uses would 
have to be found for 60 million hectares of agricul-
tura l l a n d ,

3 1
 which on typical assumpt ions of 

biomass yields might yield around 5 % of current US 
primary energy. New uses are also sought for land in 
the E C ; one study estimated that a major move of 
the E C agricultural subsidies and excess agricultural 
land towards biomass energy could result in EC-12 
crops generating up to 100 mtoe/year by the year 
2010, up to 10% of E C e n e r g y .

3 2
 Agricultural sub-

sidies and land-use a re , of course, major political 
issues, but the possibility of transferring a portion of 
them to energy does not even seem to have featured 
significantly in the debate . 

The second special feature of biomass is that it 
represents accumulated carbon. With all the discus-
sion of the greenhouse effect in general , and carbon 
taxes in particular (considered below) the benefits 
from absorbing carbon while forest crops are estab-
lished may not be insignificant. It is also possible 
that after reaching a steady state, they would con-
tinue to fix a small amount of carbon in the soil. 
Direct carbon credits to reflect this could tip the 
balance in favour of quite substantial energy crops. 

Some renewable sources face specific legal and tax 
impediments. In the U K for example, micro-hydro 
schemes which have an energy cost half that of 
conventional power are rendered uneconomic by the 
charges levied for 'use ' of the water; regulations in 
the U S A have similarly rendered micro-hydro de-
velopment almost impossible, and some other re-
newables face other idiosyncratic obs tac les .

3 3
 These 

include, in some countries, large-scale existing sup-
ports for conventional sources, as in the U S A where 
the first plea of the renewable energy community is 
not for subsidies but for a 'level playing f ie ld ' .

3 4 

However , probably the most important market 
obstacle lies in the nature of utilities as they current-
ly exist in most countries. Development of many 
renewables requires detailed local understanding of 
conditions, and may be associated directly with 
other developments - for example, biomass from 
agricultural or forestry wastes, or for using marginal 
farmlands; use of domestic wastes directly or in 
landfills; wind developments on hillslopes used for 
cattle farming; and perhaps in the future PV inte-
grated into the design of commercial buildings. It is 
very difficult if not impossible for large centralized 
utilities to manage such developments even if they 
want to . Most would have to be developed by 
independent producers , selling excess power to the 
grid. The ability to do this, and the terms on which it 
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is done , will therefore be crucial in determining 
renewable energy developments. This is essentially a 
mat ter of utility regulation. 

The central place of the P U R P A regulations in 
wind energy was noted in Part 1 ; Sawyer

3 5
 notes the 

'glacial' pace at which P U R P A was implemented in 
most other States as a key reason why California led 
these developments , in addition to the Commission's 
resource surveys. 

Changing the market for renewables in these ways 
could have a large impact for those renewables 
which are quite well developed and predominantly 
small-scale. Yet as noted, renewables from a very 
diverse group which include poorly developed tech-
nologies and large-scale, capital intensive forms. 
These factors raise a number of more familiar policy 
issues. 

Research and development 

The first cry of supporters of renewable energy - and 
many other energy sources - is for more government 
expenditure on R & D . The basic justification for 
R & D expenditure in a market economy are simple 
enough. Companies work on too short a timescale to 
invest in long-term technology; they are unwilling to 
take the scale of investments and uncertainties in-
volved; and they would often not be able to obtain 
the full returns on R & D because some basic indus-
trial processes cannot (and should not) be patented. 

Because of the nature of the uncertainities in 
technology development , there has to be a degree of 
balance across a wide range of technical avenues. As 
indicated in Part 1, this has not been a feature of 
energy R & D , which has been dominated by support 
for nuclear power first, and fossil fuels second. 
Concerning the greenhouse effect, a common theme 
of official assessments has been that the world is not 
technically equipped to limit carbon emiss ions .

3 6 

The natural corollary is that the case for increased 
renewable energy R & D is strong. 

There are several valid concerns about R & D 
expenditures, as discussed below, but it is appropri-
ate to deal with one of the more bizarre concerns 
first. It is sometimes said that renewable energy 
funding should not be increased because there is 
nothing usefully to spend the money on. Any poten-
tial sponsoring agencies that have money but lack 
ideas might like to consider the following list of 
items which in the author 's judgement have not yet 
been carried out to nearly the extent justified. 

• Resource surveys. Small-scale hydro; wind re-
gimes, onshore and offshore; agricultural 
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Most of these numbers are quite large compared 
with current government expenditures on any speci-
fic renewable energy projects. Yet the striking thing 
about them is that , with the possible exception of 
major wave and H D R prototype programmes, they 
are modest compared with the resources devoted to 
some other areas of energy research (see Part 1), 
and wholly insignificant in comparison with the 
aggregate turnover of energy bus inesses .

3 8 

However , care is clearly needed. Energy R & D 
expenditure has a poor track record. Governments 
have devoted enormous resources to nuclear power, 
but in many countries the returns now seem likely to 
be far less than originally envisaged, and fusion and 
fast breeder reactor research may never bear useful 
fruit. President Carter 's response to the oil price 
shock involved devoting large sums to the develop-
ment of technologies for synthetic fuels from coal; it 
is now clear that these are unlikely to be of commer-
cial interest without spectacular oil price rises, and 
furthermore synfuels have the dubious distinction of 
involving carbon emissions far higher even than 
from coal. 

Even renewable energy expenditure has, some 
critics say, been wrongly focused and has yielded 
little; for example, wind energy programmes focused 
on very large machines, yet the successful commer-
cial designs evolved from small-scale technologies 
under the influence of tax credits. It is by definition 
impossible to ensure success from R & D but never-
theless this record seems a poor basis from which to 
recommend new programmes without establishing 
the nature of the problems, and how they might be 
minimized. 

One issue is timing. Technology development 
needs time as well as money: time to develop 
expertise, and t ime to learn from mistakes. Large 
amounts were spent in the U S A under Carter , but 
the growth was too rapid for scientists to use the 
money well, and there was little chance for the 
programmes to bear fruit before the Reagan admi-
nistration slashed renewable R & D budgets in the 
early 1980s. A similar phenomon occured with the 
U K wave energy programme, where even some 
supporters say that the funding was too much, too 
fast, only for the whole programme to be cut be-
cause of its perceived lack of progress relative to the 
money spent. R & D money needs stability. 

Yet the danger in stability is that it can lead to 
complacency and continued funding of genuinely 
unpromising technologies. Good R & D management 
is required, lest easy handouts simply lead to a herd 
of 'white elephants ' charging along under the en-
vironmental banner . 
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waste resources and soil characteristics for 
energy crops; geothermal heat gradients, rock 
and aquifer characteristics; localized wave cli-
mates; seabed characteristics for potential tidal 
barrages. 

• Fundamental research. Various aspects of solid 
state physics relevant to photovol ta ics ;

3 7
 power 

electronics for reliable and cheap interfacing of 
D C and small-scale variable power sources 
with grid systems; geothermal stress and frac-
ture modelling for H D R ; genetic and field 
research for improving biomass crops; some 
biomass conversion chemistry; computer and 
physical modelling of tidal estuary resonance 
effects and wave loads on various possible 
wave energy systems and offshore foundation 
structures. 

• Technology development. Biomass conversion 
processes, especially continuous (as opposed to 
the better understood batch) liquid fuel proces-
ses, and electricity from gasifer-gas turbine 
systems; photovoltaic module development 
and experimentation with different siting possi-
bilities (eg glazing); wind turbines, especially 
variable speed and vertical axis machines; test 
H D R wells at practical operating depths; hyg-
roscopic solar systems; various wave devices in 
lake and then (if promising) open sea condi-
tions; prototype offshore wind systems. 

It is of course highly uncertain how much money 
would be required to explore such R & D issues fully. 
Some of the items above could clearly be quite 
cheap, even in the order of a few hundred thousand 
pounds for university based desk studies, and field 
surveys of resources. Potential costs become higher 
as one moves towards technology development. 
Substantive new research in wind turbines is likely to 
cost several tens of millions, partly because the 
industry is large enough to explore anything cheaper 
(though joint funding can still be important on 
smaller work) . Earlier stages of trial wave systems, 
and photovaltic process developments, might involve 
similar amounts . The costs of developing an inte-
grated biomass gasification-gas turbine system has 
been estimated at around US$100 million; a serious 
programme to develop and demonstrate large off-
shore wind systems could be of the same order. Pro-
grammes involving full-scale prototypes of offshore 
wave and geothermal H D R systems might be more 
expensive, running to several hundred million pounds. 
These refer to specific projects: internationally, and 
if many different avenues were explored, the figures 
would of course increase substantially. 



There are inherent institutional problems in man-
aging R&D. One is that expenditure is most likely to 
go to projects backed by lobbies with existing politic-
al experience and influence, but these may not offer 
the best options. Another is that those with the best 
knowledge of a technology are usually those in-
volved with the programme, and so have a vested 
interest in seeing that the R & D programmes con-
tinue. It is also politically difficult to terminate 
programmes, which may be seen to involve admis-
sion to mistakes. 

All this points to the need for strong independent 
oversight of R&D programmes, with a mandate to 
obtain all available details on the technology and 
assessments provided by those involved. Assess-
ments also need to be grounded in some consistent 
framework, which has often been remarkably ab-
sent. Yet quite powerful techniques do exist, includ-
ing probabilistic techniques for assessing payoffs 
under a very wide range of possible future 
conditions.

39
 Such techniques cannot give 'the 

answer', but they can at least encourage a broader 
approach to thinking about R & D , and highlight key 
uncertainities. A further option is to try and involve 
resources from private industry, even if only as very 
minor partners, as long as it does not compromise 
the availability of the primary results; corporations 
are unlikely to stay with a project if they conclude 
that it really has no signficant prospects. 

Despite the failures, successful R & D management 
is clearly possible, and this has been demonstrated 
for renewables by the European Commission's non-
nuclear 'Joule' programme, which independent eva-
luation judged to be a considerable technical 
success .

40
 However, R & D covers only the initial 

stages of bringing technologies to large-scale deploy-
ment. As the Joule assessment itself emphasized, the 
later stages also require consideration. 

Supporting the deployment of renewable 
sources 

The rationales for supporting the deployment of new 
sources are simple. First, they have several advan-
tages over conventional sources which current mar-
kets rarely reflect. Sawyer summarized the benefits 
concisely:

41 

There is a basis for the passion and advocacy . . . approp-
riately selected renewable energy technologies conserve 
irreplaceable fossil fuels, reduce intergenerational and 
international inequities in consumption, reduce the 
nation's vulnerability to future oil embargoes, make indi-
vidual regions and communities more self-sufficient, and 
reduce environmental degradation. 
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The last of these benefits has risen in prominence 
and clearly could form a list on its own. However, in 
common with some of the other items, it reflects 
primarily the disbenefits of fossil fuels, rather than 
inherent benefits of renewables. Economically the 
most efficient approach in such a case is to tax the 
undesirable activities, rather than subsidise the 
alternatives; carbon taxes are an obvious example. 
In principle this should be an important component 
- perhaps the main component - in supporting the 
deployment of renewable sources. However, politi-
cally such taxes seem a very long way off, and more 
direct and specific support for alternatives seems the 
obvious surrogate. 

In addition, all new sources face many obstacles, 
including various entry barriers of scale and more 
direct wielding of market power by established in-
terests. Indeed as noted above, existing sources may 
themselves be heavily subsidized in some countries. 

What kind of support might be appropriate? Two 
major forms can be considered. One is to define 
target levels of deployment for specific technologies. 
The other is to offer subsidies. 

Guaranteed deployment targets ensure that a 
market for a new technology exists and can thus 
ensure investment in it, almost irrespective of costs. 
This has both advantages and disadvantages: it can 
promote technologies which are seriously unecono-
mic, and in some forms, the real costs involved may 
remain obscure; but it does at least ensure that some 
attempt is made, and the total costs are limited by 
the size of the target. 

Deployment subsidies, unless very large, place a 
far greater emphasis on technologies which are 
nearly economic, and are thus less good at stimulat-
ing more speculative or risky technologies. They are 
less likely to shield 'white elephants' but if policies 
rely on moderate subsidies alone this many result in 
the technological equivalent of throwing out the 
baby with the bathwater. Also, paradoxically, the 
total costs of a subsidies programme may be more 
uncertain than with deployment targets - a very 
large response can result in a large payout. 

Perhaps the best approach lies in a combination of 
the two, as for example used in Denmark and the 
Netherlands for promoting wind energy. A set of 
deployment targets sufficient to stimulate develop-
ment of a serious industry were set, and the govern-
ments specified both utility subtargets and offered 
subsidies for private developments which were 
judged sufficient to ensure the near-term targets 
were met. The costs of the programme, and the 
incentive to efficiency, remains clear, but the stimu-
lus has still been strong enough to establish new 
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under intense pressure concerning the resources 
they have, they are hardly likely to promote technol-
ogy with 10 year payback when less capital intensive 
and more familiar options - such as strip mining or 
oil imports - are available. 

The second issue in which the payback gap 
reaches extreme proport ions concerns very long-
term projects. The most striking case is that of tidal 
power. No combination of fossil fuel taxes and 
incentives could make the largest schemes in the U K 
commercially attractive, because the timescales are 
too long and the schemes too large. Yet the benefits, 
in terms of providing large volumes of low-cost, 
pollution-free power for many decades, could be 
very high. Treated as a long-term development of 
national infrastructure, and funded at treasury rates, 
some large tidal schemes would be hard to beat . As a 
commercial decision for short-term payback they are 
non-starters. 

Institutional reforms 

In reality, not much of this is likely to happen as long 
as renewables remain an afterthought in energy 
policy, with sponsorship intended partly to satisfy 
public relations, as is the situation in not a few 
countries at present. Changing attitudes towards 
renewables would change much, but renewables 
would still be struggling against a strong institutional 
imbalance. 

At the national level, there is a need for some kind 
of body which is responsible not only for technical 
assessments, but for understanding and overseeing 
the needs of renewable development and deploy-
ment . Such a body would need to be of sufficient 
weight that it could represent renewable energy 
interests effectively within the processes leading to 
major energy policy decisions, such as the develop-
ment of utility ownership and regulation; and indeed 
of high enough standing that it could input into other 
spheres, such as agricultural policy. 

At the international level, the current void cannot 
persist. Whether a renewable agency forms an inde-
pendent group within the IE A , or is an entirely 
separate creation such as the I A E A and other 
nuclear agencies, is not as important as its status. 
There is a crying need for some international focus 
which can channel some of the large existing energy 
development funds towards international renewable 
energy projects, which can improve coordination of 
national R & D programmes, and which is in a posi-
tion to protect and encourage renewable energy 
internationally against the weight of the existing 
international nuclear and fossil fuel institutions. 
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industries. D e n m a r k is now established as the 
world's leading manufacturer of wind turbines, and 
domestic subsidies have been withdrawn on the 
grounds that it can now compete unaided given the 
relatively strong winds and high electricity prices in 
Denmark ; in the Netherlands, with different condi-
tions, subsidies remain a necessary part of reaching 
the targets at current energy prices. 

However , like R & D , many programmes of sub-
sidies and targets have less favourable outcomes. 
Often, similar factors are involved to those which 
make control of R & D difficult. In countries with 
strong lobbying structures, subsidies tend to go to 
industries which can lobby hardest , which rarely 
correspond with the real needs. In addition, sub-
sidies tend to be easier to offer than to withdraw, 
leading to what might be termed the 'banana ' prob-
lem after the parallel drawn by Nordhaus with a 
youngster 's grammatical difficulties: Ί know how to 
spell it but I don' t know when to s t o p ' .

4 2 

As for R & D , there are no magical solutions to 
this, other than to define the reasons for support 
very clearly and to place greater emphasis on some 
form of independent oversight of deployment incen-
tive schemes. This problem as a whole adds further 
to the rationale for using fuel taxes as far as possible 
to reflect external impacts, to minimize possible 
justifications for wide-ranging subsidies for tech-
nologies vaguely related to the overall objective of 
environmental improvements. 

However , there remains an important respect in 
which g o v e r n m e n t s u p p o r t may be r e q u i r e d 
irrespective of the development of a technology and 
the scale of any environmental taxes, namely 'infras-
tructure ' funding for long-term, capital-intensive 
projects. Most private industry operates on time-
scales much shorter than can be justified for deci-
sions affecting society overall, especially concerning 
many environmental issues. The problem of this 
'payback gap' is endemic, but reaches extreme prop-
ortions in two cases. 

One is the funding of capital-intensive goods in 
developing countries, of which many renewables are 
examples par excellence. This is a fundamental 
obstacle. Given the acute shortage of capital, and 
very short-term perspective, throughout the eco-
nomy of most developing countries, it is plain that 
the vision of solving global environmental problems 
by fuelling development with renewables will remain 
a mirage, unless capital is made specially available to 
get these sources in place in countries where the 
primary concern is with procuring enough energy 
over the next week, rather than for the next century. 
Since developing country governments are also often 



These needs will become all the more pressing as 
and when modernized renewables really move into 
the big league. 

Conclusions 

The principal observations and conclusions from this 
and the previous paper can be summarized as fol-
lows. Renewable resources are very large, and the 
technologies for exploiting them span a very diverse 
range in terms of scale, stage of development, and 
development requirements. This is nothing new, 
though it seems often forgotten. However, tradition-
al renewables are too costly to compete against 
conventional fuels and usually too inefficient to 
contribute much to demand densities in modern 
societies. The success of renewable energy depends 
critically upon the application of modern technolo-
gies. With this the potential for large-scale economic 
supply from renewable sources appears to be good 
for many countries: it seems quite feasible for the 
UK to meet 25-50% of current electricity demand 
from relatively confident renewable technologies. 

Three infant technologies stand out as having the 
potential to make large contributions globally: 
photovoltaics, modernized biomass, and geothermal 
HDR. None of these are adequately developed at 
present but the prospects for at least one and 
probably two are good. Wind energy stands out as a 
fourth technology with a big global potential, which 
is more developed - adolescent rather than infant -
and many other renewables could be of considerable 
local importance. On this basis, the contribution 
from renewable sources globally is likely to grow 
rather than diminish, but in very different forms 
from traditional uses. Given time, they could make 
very large contributions to global energy supplies. 

Development and deployment of modernized re-
newable sources is likely to be led in the industrial-
ized world. It is the industrialized countries which 
have the technological capabilities, the capital re-
sources, the infrastructure - and are most conscious 
of the environmental imperatives. Application in 
most developing countries would depend strongly on 
foreign finance, because of the capital and other 
requirements of many modernized renewables. 

These conclusions are in sharp contrast to the 
dominant attitudes in energy policy, projections, 
and mainstream debate, in which renewable energy 
is peripheral. There are many reasons for this. The 
available data on both resources and existing uses 
are often inadequate; technical assessments are fre-
quently conservative in their assumptions concern-
ing technology and resources; there are great diffi-
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culties in transferring existing technical knowledge 
to the policy community; and there is an apparent 
inability to acknowledge the profound implications 
of possible technical successes in mainstream energy 
forecasts and policy development. 

Taking renewables much more seriously would 
have considerable policy implications, for govern-
ment policy may largely determine the pace of 
progress in renewable energy. The first priority 
would be to remove existing market obstacles. More 
extensive R & D , if carefully managed, remains im-
portant. Extensive measures to promote the deploy-
ment of renewable energy could clearly be justified, 
especially if environmental concerns are not ade-
quately reflected in energy prices. Parallel institu-
tional reforms would also be required. 

None of this will be easy, either for governments 
or indeed for environmental groups. Resistance to 
new developments will apply equally to renewble 
sources, and substantial political and environmental 
battles over deployment are likely, which could only 
be resolved by increasing acceptance of the need for 
trade-offs. Promoting renewables will require major 
decisions taken in the face of uncertain payoffs. And 
the climax of this path would not be a renewable 
Utopia, but simply be a situation in which the 
technical and environmental parameters were 
broadly known and accepted, instead of remaining 
in the realm of speculation and dispute due to lack of 
data and experience, and in which the many renew-
able sources, with all their pros and cons, could be 
considered on an equal footing with conventional 
options. 

Renewable energy sources cannot provide a pain-
less solution: their contribution in some sectors is 
clearly limited, and they also will have environmen-
tal impacts. However, along with energy efficiency 
and natural gas they can help to form the path out of 
the growing energy/environmental impasse. The 
timing and manner in which these changes occur will 
have profound implications for energy developments 
worldwide. 
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Postscript 
The two articles which form the Cinderella Options 
(chapters 1 and 19 in this volume) were written in 
the first half of 1990. Reading them again in 1993, 
together with other papers in this volume shows how 
much has changed in certain respects, but also how 
little has changed in others . If rewritten today, the 
emphasis in some of the technical and political 
assessments might differ, but not greatly. On the 
technical side, I might for example pay more atten-
tion to small-scale solar thermal systems, and to the 
enduse interface in developing countries. Concern-
ing the political side, renewable energy is rarely 
treated today with the derision often accorded to it 
in conventional energy circles even as short a time as 
three years ago, but it is still far from being a central 
part of the energy debate . 

Assessments have become more numerous , more 

detailed and much more weighty: many govern-
ments are now conducting or extending updated 
regional and national studies which often point to a 
greater potential than previous perceptions and 
assessments. In some countries this has been accom-
panied by striking market developments , such as the 
UK' s Non Fossil Fuel Obligation (Chapter 18), for 
example. Rapid expansion of renewable energy mar-
kets has occurred elsewhere in Europe too , most 
notably in Germany, whilst the US renewable ener-
gy industries have welcomed the Clinton administra-
tion as the end of the long blight of the 1980s. The 
physical contribution of modernized renewable ener-
gy technologies is still extremely small, but the 
'paradigm shift' to which I refer in 'The Cinderella 
Opt ions ' seems to be gathering momentum, if any-
thing faster than I had expected three years ago. 
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Chapter 20 

Summary and Conclusions 
Tim Jackson 

The aim of this volume of collected papers (and of 
the series of articles on which it has been based) has 
been to address the following question: do renew-
able energy technologies offer the hope of providing 
clean, long-term energy options for the 21st century, 
or do they present only false promises with no signifi-
cant hope of realisation in the foreseeable future? 

Contributions to this book have covered techni-
cal, economic, environmental , institutional, political 
and social aspects of the renewable energy options. 
They have made assessment not only of the overall 
resource base, and the state of the art of technol-
ogies, but also of the costs and benefits of imple-
menting these technologies, and the institutional 
factors which either impede or else might be used 
to encourage their implementat ion. 

Almost without exception, and despite the fact 
that the papers have been written by a broad spec-
trum of industrialists, academics and policy analysts, 
the contributed articles have advocated a role for 
renewable energy which considerably exceeds both 
its current role in the world energy supply infrastruc-
ture , and most of the recent projections for its role in 
the near future. Almost unanimously, the authors 
have drawn attention to the environmental advan-
tages of pursuing the renewable option. At the same 
time, there has been a general awareness of substan-
tial obstacles to actual implementat ion within the 
existing infrastructure. A variety of suggestions have 
been made about overcoming these impediments . 

Without a doubt the message purveyed by these 
contributions has been one of hope - both for the 
potential role of renewables in developing an econo-
mically and environmentally sustainable energy fu-
ture , and for the potential flexibility and ingenuity of 
society in devising appropriate institutional struc-
tures within which that development can occur. 
Whether that hope will turn out to be fulfilled, is of 
course a matter for the future to reveal, rather than 
for me as editor to speculate upon. On the other 

This chapter is based on T. Jackson "Renewable Energy -
summary paper for the renewables series", Energy Policy 
vol 20(9) pp 861-883. 

hand, perhaps it is legitimate (indeed required of 
me) to make some kind of assessment of whether 
that message of hope is justifiable, on the basis of 
the evidence collected here . This is primarily the 
task I intend to under take in this concluding chapter. 

As I have already pointed out in the Editor's Intro-
duction, there is a burgeoning global awareness of 
environmental issues, whose repercussions for energy 
policy are likely to be profound. In particular, the 
signing of the climate convention in Rio and the 
development of Agenda 21 studies will inevitably lead 
to an increased importance placed on the role of 
renewables. As this role develops, it is not inconceiv-
able that it will foster an atmosphere of international 
technological innovation with high stakes for those 
who develop indigenous markets in renewable energy 
technologies at competitive prices. This in its turn 
would have a very positive impact on the develop-
ment and implementation of renewable energy. 

Whether I am right or wrong in these latter 
respects, the verdict of an impressive proport ion of 
those who have contributed to this series has been 
positive. Those less than positive messages which 
have occasionally emerged have been in the form of 
warning lights, signalling the rocks on which renew-
able energy strategies might founder. For this reason 
they should be taken very seriously. Since it is my 
role as editor not only to present the consensus 
conclusions, but also to raise the flag and blow the 
whistle where necessary, I shall be careful not to 
overlook these warnings in what follows. Principally, 
however, I shall be concerned to convey the broadly 
undisputed conclusions which have emerged. 

One almost unanimous call from the contributors 
to this series has been for the internalization of the 
environmental costs of energy supply. In Hohmeyer's 
contribution (Chapter 17), this call was made explicit 
through an incorporation of estimated environmental 
costs into the costs of electricity supply options. I shall 
consider this call rather carefully, since it is clear that 
many authors believe it to be critical to an appropri-
ate and timely development of the technologies. 

The motivation for the call for internalization of 
external costs stems from an acknowledgment of the 
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Renewable Energy - prospects for implementation 

THE QUESTION OF POTENTIAL 

An attempt to answer the question 'how much can 
renewables contribute to energy supply?' must 
distinguish between various different meanings to 
the question itself. This perhaps explains why differ-
ent people have come up with such different 
answers when they have asked it. To make sense of 
such an enquiry, it is certainly necessary to be very 
clear about the kinds of assumptions one is making 
about the technical, economic and institutional con-
ditions. There is no simple answer based on purely 
physical considerations, although this is a good 
starting point. 

The first level at which the question may be asked 
concerns the extent of the physical resource base. 
How much energy, in physical terms, is flowing 
through the environment in a form amenable to 
capture or conversion? Next one must address the 
availability of capture and conversion technologies. 
Then one must address any other kinds of physical 
limitations that might be imposed on these conver-
sion technologies. After this, it is necessary to 
ensure that the technologies proposed are not only 
feasible - in the sense of actually capturing the 
energy - but v i a b l e

T
i n the sense that they capture 

more energy than is used to build and maintain the 
infrastructure around the technology itself. This 
question is related to , but not entirely the same as, 
the question of the economic potential: how much 
renewable energy can we afford to use? How much 
will it cost us? And then, even if these questions 
have all been answered, and even if renewables offer 
considerable prospects on this basis, the question of 

Table 1. Renewable energy resource base. 

TW 

Solar radiat ion
ab 90,000 

W i n d
a b 300-1200 

Wave
a
'

c 1-10 
H y d r o

a d 10-30 
T i d a l

ab 
3 

Biomass
b 

30 
Geothermal f low

ab 
30 

Sources:
 a

B . S0rensen, 'Renewable energy, a technical overview', 
Energy Policy, Vol 19, No 4, May 1991, pp 386-391;

 b
J . Twidell 

and T. Weir, Renewable Energy Resources, E. & F.N. Spon, 
London 1986;

 c
Falnes and L0vseth (Chapter 5);

 d
Sims (Chapter 6). 

whether they will actually be able to make a signifi-
cant contribution to energy supply is also dependent 
on various assumptions about the institutional in-
frastructure. 

In the following subsections, I shall at tempt to 
summarize some of the main conclusions from these 
various levels of questioning. At the end of the day 
some tentative conclusions can be drawn at the 
physical and technical level, some rather encourag-
ing ones can be suggested even at the economic 
level. At the institutional level, much is dependent 
on political will, and appropriate infrastructural 
change, as we shall see later in the paper. 

The resource base 

The amount of energy arriving from the sun at the 
earth 's surface - after reflection from the atmos-
phere , but before the various thermal and chemical 
cascades which convert high-quality

2
 solar inputs 

into low-quality heat - is of the order of 100 000 TW. 
Since global commercial energy consumption is in 
the order of 10 T W , this 'solar inheritance' repre-
sents an energy flow four orders of magnitude 
greater than the flow of commercial primary energy 
resources through the human economy. The re-
source base for solar energies (including solar con-
version technologies, wind, wave and hydro power, 
and biomass) is therefore enormous (Table 1). 

Physical limiting factors 

Unfortunately the question of potential is not so 
easily resolved as these promising estimates might 
suggest, for a number of reasons. The usefulness of 
energy sources in serving the needs of mankind is 
limited by two important physical factors. First, 
energy produces useful work in relation to its ther-
modynamic quali ty.

3
 Low-quality energy sources 

cannot perform the same degree of work as higher-
quality sources. This distinction is well known; for 
instance in power generat ion, a significant thermal 
gradient is required in order to drive a steam cycle 
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potential environmental advantages of renewable 
energy technologies. While I think it is important 
not to prejudge those advantages, I believe that in 
general the conclusion is correct. What I shall 
at tempt to highlight, however, in the later stages of 
this summary, is the importance of developing an 
institutional or economic framework in which those 
advantages are appropriately recognized. In particu-
lar, I shall argue that an inappropriate framework 
could not only damage the development of a renew-
able energy strategy, but could also pose significant 
environmental threats in its own right. 

Before developing these considerations, however, 
it would be remiss of me not to make some at tempt 
to draw together the conclusions of the series on the 
question of the potential for implementation of the 
renewables, and attempt to summarize those factors 
identified as constraining that potential . 



turbine, and even then the efficiency with which that 
energy can be converted into mechanical work is 
limited by the Carnot efficiency. Low-grade heat is 
also useful to society, of course, and the benefits of 
using low-grade heat from power stations in com-
bined heat and power plant are therefore consider-
able. Nevertheless, as the tempera ture gradient 
falls, the heat becomes less and less useful, until it 
reaches the ambient tempera ture conditions. The 
same degradation process occurs with both chemical 
and gravitational potential energies. The more de-
graded the energy, the less useful it is to us. In the case 
of hydro energy for example , the more useful 
sources are those with a significant gravitational 
potential energy, either as a result of high 'head ' of 
water, or else in the case of low head hydro as a 
result of higher flow rates. 

The second important factor limiting the useful-
ness of an energy source is its diffuseness. As 
Georgescu-Roegen describes i t ,

4
 we receive the 

solar inheritance 'like a very fine rain . . . a micro-
scopic mist'. The more diffuse the energy flow, the 
more difficult it is to utilize. It is not an accident of 
course, that the two major renewable energy sources 
used in the world today are biomass, and hydropow-
er. Both of these sources of energy represent a 
considerable degree of concentration or accumula-
tion of the diffuse solar energy income. In effect 
biomass and hydropower are the result of a trickle 
charge of diffuse solar energy in natural batteries or 
stores of thermodynamic potential . Fossil fuels, of 
course, are also believed to represent an accumula-
tion of solar energy over very long periods of t ime. It 
is the degree of accumulation which has allowed 
these energy sources to b e c o m e concen t r a t ed 
enough to provide useful sources of high-quality 
energy. Wind energy and wave energy are also to 
some extent concentrated energy sources, but to a 
far lesser extent even than high head hydropower. 
Solar radiation is virtually all flow, with no appreci-
able concentration or collection. For this reason, the 
vastness of the resource base of solar radiation is 
not, in itself, an indication of the appropriateness of 
solar energy as a useful energy source for society. 

Technical potential - the recoverable resource 

In general terms, the diffuse nature of the solar 
energy flows indicates the need either for some 
feasible collector device or else for some feasible 
energy storage techniques or both. In principle, of 
course, neither of these options is impossible. In-
deed, each of the new renewable technologies of 
wind power, wave power, solar thermal collectors 
and photovoltaics (PVs) can be thought of essential-
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Table 2. Estimated recoverable resources. 

TW 

Solar radiat ion
ab 

1 000 
Wind

a
'

b 

10 
W a v e

a c 

0.5-1 
H y d r o

3 0 

1.5-2 
T i d a l

ab 
0.1 

Biomass 7 

Sources:
 a

S0rensen (op cit;
 b

Kühne and Aulich (Chapter 3); 
c
Falnes and L0vseth (Chapter 5);

 d
Sims (Chapter 6). 

ly as much collectors of solar energy throughputs as 
they are converters of it. Biomass technologies by 
contrast are not so much collectors as converters of 
energy already collected and stored via photosyn-
thesis. Tidal and hydro energy technologies are also 
converters rather than collectors, although in high 
head hydro schemes in particular collection is built 
into the technological infrastructure using dams and 
other civil works. 

As the papers in this book have illustrated, a wide 
variety of different kinds and techniques of collec-
tion and conversion have been developed. The 
actual potential for near- to medium-term develop-
ment of renewable energy in individual countries is 
heavily dependent on the geographical context, the 
nature of ambient energy flows, demographic factors 
and the peculiarities of the energy supply infrastruc-
ture. On the basis of the known technologies, how-
ever, using estimated conversion and collection effi-
ciencies, and the best knowledge about ambient 
energy flow rates, it is possible to convert the 
resource base (Table 1) into some broad, global, 
estimates of the recoverable resource. In Table 2, 
various estimates presented by different authors in 
this book are collected together. 

It can be seen that estimated recoverable re-
sources are considerably less than the resource base. 
Nevertheless, for many technology types these re-
coverable resources represent an available energy 
flow which is considerable when compared to com-
mercial energy consumption. Particularly impressive 
is the estimated recoverable resource from solar 
radiation, which is still two orders of magnitude 
greater than the rate of global commercial energy 
consumption. 

For biomass resources, Twidell and Wei r
5
 put the 

resource base at 30 TW. This is essentially that part 
of the solar energy input which is believed to contri-
bute to the photosynthetic product . The question of 
a total recoverable biomass resource is more difficult 
to assess. Vitousek et al

6
 estimate that human 

societies already appropriate 40% of the photo-
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design. Solar thermal technologies are well suited to 
supplying process heat in conditions of strong insola-
tion, but may be limited to space and water heating 
needs in temperate climates. Biofuels tend to offer 
greater flexibility than other renewables. Prospects 
here are limited in part by economic factors and in 
part by the environmental limitations on biofuels. 

Thermodynamic constraints 

Simplistic visions of renewable energy tend to sug-
gest that it is a limitless free resource. The basis for 
this belief is that the energy being utilized flows 
through the environment regardless of whether or 
not it is converted for use by human systems. But 
this view is mistaken and potentially misleading for 
the following reasons. 

The extraction - collection and conversion - of 
this energy will always rely on conversion technolo-
gies with limited efficiencies and specific material 
needs. It is inevitable that these material needs will 
in themselves pose limitations on the availability of 
energy. Certainly they will pose limitations on the 
cost of that energy. Just because the ambient energy 
flow is endless, it does not mean that it is a free 
source of energy!

7 

Associated with the material requirements of con-
version technologies is a requirement for energy to 
extract and process those materials, to transform 
them into the appropriate collectors, to maintain 
them and the institutional infrastructure on which 
they rely. The greater the diffuseness of the energy 
source, the greater the material requirements of the 
conversion process, and the greater the energy in-
puts required to build and maintain the energy 
conversion system. A technically feasible renewable 
energy conversion technology may exist which is 
capable of accessing significant useful quantities of 
energy for human use. A physically viable technol-
ogy must return more energy to the user than has 
been invested in constructing the collection and 
conversion devices. This question of the energy 
return on investment of renewable energy technolo-
gies is absolutely vital to an assessment of the role of 
renewable energy. For this reason I regard the 
'energy analysis' of renewables as one of the most 
crucial questions addressed by this series. 

Energy analysis has had a particularly difficult 
history, partly because protagonists of the approach 
became involved with economists in what is prob-
ably best described as a lengthy process of mutual 
misunderstanding.

8
 The vital role of energy analysis 

in assessing the viability of energy conversion tech-
nologies lies in allowing us to determine whether 
energy return on investment of a particular technol-
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synthetic product. This indicates that we must regard 
estimates of global commercial energy consumption 
as representative only of a limited proportion of the 
total energy flows through the human economy. 
More importantly, when we come to consider the 
possibilities of appropriating an even bigger propor-
tion of the photosynthetic potential through the 
conversion of biofuels, these considerations suggest 
some important limitations on sustainably recover-
able resources. 

The efficiency, power capture and rates of conver-
sion of many of these technologies are certainly 
promising for renewable energy, but there are some 
other kinds of physical limitations, which must also 
be taken into account. One such limitation arises 
from the intermittent nature of many renewable 
energy sources. Grubb (Chapter 10) argues cogently 
that these limitations do not in themselves pose intrac-
table problems for renewable energy. In particular, 
analysis has shown that intermittency only becomes 
a problem within existing electricity supply net-
works , once the contr ibut ion from renewables 
exceeds 30-40% of supply. Beyond this level storage 
will be necessary on some considerable scale. 

A number of different storage options have been 
discussed throughout the book. Among these options, 
perhaps the most interesting for the long-term (be-
cause of its considerable potential) is the hydrogen 
option (Chapter 3 and Chapter 11). Hydrogen storage 
has attracted increasing attention for a number of 
years as a potentially benign energy storage option, 
with particular relevance to the transport sector 
where mobility and flexibility in provision of energy 
are of paramount importance. At the moment , as 
the analysis in Chapter 3 shows, the economics of 
the hydrogen economy distinctly unfavourable. 
There are , moreover, some safety issues sur-
rounding storage and transport which need careful 
appraisal. Nevertheless, it seems clear that hydrogen 
presents a technological option not only for a clean 
storage medium, but also for a considerable 
improvement in the ability of renewables to satisfy 
the profile of energy demand across all sectors, 
including the demand for process heat , space heat , 
and transport . 

The prospects for supplying heat from renewables 
are not confined to the development of hydrogen 
fuels, however, although the potential is more diffi-
cult to assess than that for the electricity sector. 
Passive solar demand could reduce heat demand 
quite considerably. Some authors have estimated 
90-100% reductions in space heat demand in domes-
tic and commercial building through a combination 
of energy efficiency measures and passive solar 
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Table 3. Economic costs (costs in USeVkWh (roughly current prices)). 

Technology 1980 1990 2000
a 

2030
a 

Solar pvs
b
'

c
'

d
'

e
-

f 
100-400 30-100 10-15 4-6 

Solar thermal e lectr ic i ty
b ce 
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c
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d
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f
'

8
'
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'

g j 
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Hydrogen fuelled car 100-500 
from PV - I - electrolysis 

a
Projected estimates;

 b
Flavin and Lenssen Chapter 16, Table 1;

 c
Electric Power 

Research Institute (EPRI) Journal, June 1991, ρ 17;
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Op cit, Ref 29 and refs therein; 

e
Kuhne and Aulich (Chapter 3);

 f
Hohmeyer (Chapter 17);

 g
Gipe (Chapter 4);

 h
Clarke 

(Ref 17); 'Falnes and L0vseth (Chapter 5);
 j
These are costs in c7kWhe for generated 

electricity and depend heavily on the price of feedstocks; costs for heat may be lower: 
Hall (Chapter 2), project costs of $1.80/GJ which is less than 2c7kWH2;

 k
costs in 

cVkilometre not tf/kWh. 

ogy renders it worthwhile developing. In particular, 
if it takes more energy to develop and maintain a 
renewable energy technology than that technology 
can deliver over its working life, then it is clear that 
the technology in question is not - in the long term -
viable. It is at best a parasite on the existing energy 
supply system which cannot survive in the long term. 
At worst it could actually be detrimental in environ-
mental terms, if it takes more fossil energy to 
operate that technology than would be required to 
supply the same final energy demand through con-
ventional sources. 

In certain cases, there may still be some environ-
mental value in pursuing a technology without a 
positive return on the energy input investment, 
provided that the use of the renewable energy 
technology involved less fossil fuel consumption 
than was involved in supplying the same end-use 
using fossil fuels. This might be the case, for in-
stance, for an electricity producing renewable which 
did not have a positive energy return on investment 
but which nevertheless used less fossil energy than 
required to provide the same need through conven-
tional thermal fossil plant of limited conversion 
efficiency. 

Happily, the various contributions to this book 
which have examined or reported on this question 
suggest that most of the renewables do indeed 
possess healthy positive energy returns on invest-
ment . In particular, Mort imer (Chapter 9) has pre-
sented an extensive survey of results suggesting that 
renewable energy technologies are not only beneficial 
in the weaker sense described above, but also viable 
in the stronger, long-term sense .

9 

Nevertheless, some caveats should be made about 
these results. As Mort imer has pointed out , much of 
the actual analysis was done several years ago now. 
In the intervening period, both the technologies 
themselves and the industrial base (on which statis-
tical energy analyses are carried out) have changed. 
Some updating of these estimates is therefore essen-
tial to an accurate assessment of the renewable 
option. Particular attention needs to be paid, in this 
exercise, to ensuring that the energy analysis in-
cludes as many as possible of the many energy inputs 
associated with the construction, operation and 
maintenance not only of the technology itself but of 
the infrastructure required to support these processes. 
As Mort imer remarks , this assessment exercise 
raises difficult questions about system boundaries. 
The ultimate proof of the validity and long-term 
viability of solar technologies will probably have to 
be by demonstrat ion. For this reason, the successful 
development of the 'solar b r e e d e r '

1 0
 concept will 

mark an important point for renewable energy. 

The concept of economic potential 

Questions about the economics of renewable energy 
must of course pay careful attention to their mate-
rial requirements . Since materials and energy are 
required in order to capture and convert solar ener-
gy, and these materials and energy have economic 
costs, there will always be an economic cost involved 
in utilizing this 'free' energy flow. In fact this cost 
may turn out to be prohibitive, particularly where 
the energy and material inputs are high. At this 
point the diffuseness of the renewable energy flows 
comes into play again. It is this diffuseness which 
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Figure 1. Costs of electricity from wind in the USA 
(1980-2000). 
Source: Unpublished evidence from US Embassy in London, 
cited in op cit, Ref 29. 
Note: Costs for 1980-90 are historical; costs for 1992 onwards are 
projected costs. 
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Figure 2. Costs of electricity from PVs in the USA 
(1980-2000). 

Source: Unpublished evidence from US Embassy in London, 
cited in op cit, Ref 29. 
Note: Costs for 1980-90 are historical; costs for 1992 onwards are 
projected costs. 

results in the relatively high capital costs of many of 
the renewable technologies, these costs being in part 
a reflection of the high material and energy inputs 
required to access a wide area and achieve an 
acceptable power capture. 

The concept of 'economic potential ' is therefore 
an important element in the assessment of the viabil-
ity of renewable energy. It reflects not only institu-
tional aspects of the development of renewable 
energy technologies, but also genuinely physical 
inputs to the process of capture. Table 3 collects 
together those estimates of economic cost which 
have been presented by various authors (or collected 
by this author) during the course of preparing this 
series of papers. 

Despite the remarks above, the existence of actual 
technology costs for renewables which are (in some 
cases )

1 1
 higher than fossil fuel costs should not be 

taken to imply that economic factors will scupper the 
renewable enterprise. For a variety of reasons, we 
can reasonably expect the comparison between con-
ventional energy technologies and renewable energy 
technologies increasingly to favour the renewables. 
In particular, economic comparisons presently fail to 
include the costs of depletion of resources, and the 
environmental costs of exploitation, and there are a 
variety of other subsidies which operate to favour 
fossil fuel consumption. In addition, the modern 
renewable energy technologies are, relatively speak-
ing, infant technologies still in the process of tech-
nological evolution. 

Costs in many technologies have fallen dramati-

cally over the past decade. Flavin and Lenssen cite 
an order of magnitude reduction in the cost of PVs 
since 1980, for ins tance .

1 2
 Many of the authors 

contributing to this book believe that some further 
substantial cost reductions are likely. Kühne and 
Aulich maintain that the 'cost reduction potential for 
solar components (eg collectors) is certainly higher 
than that of conventional components commonly 
used in establishing power plant technology'. They 
argue, however , against excessive optimism for 
further cost reductions in PVs, because the cost 
reductions achieved in the last decade have largely 
been on the module component , which represents 
only a proport ion of the total cost. 

Evidently, there will be some limit to the cost 
reductions associated with technological advance 
and increased production throughputs . On the other 
hand there has been a general consensus among the 
authors that we are still some way from that limit. 
Figures 1 and 2 illustrate actual cost reductions since 
1980 and projected cost reductions to the turn of the 
century for wind technology and for PVs in the 
U S A .

1 3 

How much? 

The question of how much renewable energy can 
contribute to energy supply is shown from the pre-
ceding discussions to be far from simple to answer in 
a straightforward fashion, even before one starts to 
address the complexities of the social, political and 
institutional infrastructure. At tempts to provide a 
clear cut answer are probably foolhardy in the 
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extreme. On the other hand it would be cowardly to 
have come so far and not hazard some intelligent 
guesses about the nature of the limitations on future 
development. 

In summary therefore, we can say that the re-
source base is absolutely enormous , by comparison 
with the flow of conventional energy resources 
through the human economy. In addition, a know-
ledge of well-defined conversion efficiencies and the 
nature of the ambient conditions enables us to 
estimate recoverable resources which are once again 
very large compared with total global energy 
demand. 

There are some kinds of physical constraints aris-
ing from the intermittent nature of some renew-
ables. Taking Grubb ' s estimate of 30-40% penetra-
tion of the grid using intermittent sources, and 
assuming that electricity accounts for around 3 5 % of 
the total energy demand in a typical industrial 
nation, suggests that an additional contribution to 
primary energy demand (on top of the contribution 
from existing renewables) of 10-15% could be com-
fortably met (technically) by intermittent electricity 
producing renewables . Addi t iona l contr ibut ions 
from non-intermittent electricity producing renew-
able technologies and from heat producing renew-
ables could swell this considerably, even before the 
development of appropriate storage systems, leading 
perhaps to a comfortable 50% of current global 
primary energy demand met by renewable resources 
without any major technical developments or break 
throughs. 

The ability to achieve this level of implementat ion 
will depend considerably on developments in the 
transport sector, since transport constitutes an ever 
increasing proport ion of primary energy demand in 
industrialized nations. Several of the papers have 
discussed the use of renewable energy in transport . 
Generally speaking, the prospects for renewables in 
the transport sector are limited to three possibilities: 
first, the development of biofuels to substitute for or 
mix with conventional petroleum fuels; second, the 
development of an integrated hydrogen economy; or 
third, the development of enhanced battery storage 
and electric vehicles. The last two of these three rely 
on some considerable technological advance, if we 
are to assume more than a limited contribution from 
renewables in this sector. 

U p to this 50% level of implementat ion, it would 
be fair to say that the major limitations will be 
economic, institutional and social rather than tech-
nical, or physical. 

Beyond this level of potential contribution, we 
must expect that there will be a need for the 

Summary and Conclusions 

ENVIRONMENTAL IMPACT 

The environmental impact of conventional energy 
sources has been one of the primary motivations for 
the development of renewable energy technologies, 
and in the absence of a favourable economic com-
parison, would remain one of only a few reasons for 
employing t h e m .

1 4
 On the other hand, no thermo-

dynamic conversion process is likely to be without 
some environmental impact, simply because of the 
efficiency limitations imposed upon it by the laws of 
thermodynamics, and a closer examination of all the 
renewable energy technologies reveals that there are 
impacts, of one form or another , associated with 
each of them. 

It is in fact difficult to find comprehensive objec-
tive analysis of the environmental impact of renew-
able technologies . In a set of five substantial 
volumes containing collected papers from the first 
world renewable energy congress

1 5
 (ironically enti-

tled Energy and the Environment in the 1990s) I 
found it difficult to find even a single reference to 
the environmental impacts of the technologies under 
discussion.

16
 There seems to be an implicit assump-

tion among advocates that renewable energy tech-
nologies are - if not actually benign - then at least by 
definition environmentally preferable to convention-
al energy supply technologies. There are certainly 
some sound physical reasons why this assumption 
might be valid. Indeed, in my opening article I 
pointed to the physical basis of renewable energy in 
utilizing ambient energy flows as being one reason to 
suppose that renewables are likely to be preferable 
to energy options which involve the consumption of 
fossil reserves. 

There are also some compelling reasons why in 
practice protagonists of the renewables tend not to 
play up possible environmental impacts of their 
technologies. It is difficult enough for the voice of 
renewable energy to impact on the ears of an 
established fossil fuel energy infrastructure as it is, 
without admitting to the possibility of problematic 
environmental considerations. While this is an en-
tirely understandable response, I do not believe that 
it is in the best long-term interests either of the 
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development of an appropriate storage and distribu-
tion infrastructure. Hydrogen promises much in this 
respect, and provides the incentive for a vision of a 
wholly sustainable energy supply structure. This 
option should be regarded, however, with consider-
able caution. Its energy and material economics will 
be crucial to its long-term viability. 
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Table 4. Main environmental impacts of renewable energy 
technologies. 

Solar Land-use requirements, solvents use during cell 
manufacturer, toxic materials hazards during 
production and disposal (PVs) 

Wind Land-use requirements; visual impact; 
electromagnetic interference 

Wave Onshore: visual impacts, site disamenities; 
Offshore: conflicts with shipping 

Hydroelectric Large-scale: disruption of ecological and 
hydrological integrity of the region, community 
impacts, water pollution, induced seismicity 

Tidal Water quality and sedimentation pattern 
changes, ecosystems disruptions 

Biomass Land-use requirements, use of fertilizers, 
atmospheric emissions during conversion 

tages over fossil fuel or nuclear generating capacity, 
and those who are opposed as a result of the impact 
on the local environment. 

In favour of an environmental management 
approach to these problems, Sims cites the example 
of the construction of La Grand Rivière complex of 
hydroelectric stations in the St James Bay territory 
of Canada between 1975 and 1981, under the au-
spices of the Société d 'Energie de la Baie James 
(SEBJ) . Recognizing that the project had major 
sociological and environmental repercussions the 
SEBJ took a relatively far-sighted approach to the 
problem by: first, accepting the responsibility of the 
developer to carry out and pay for the necessary 
environmental studies; and, second, laying down 
certain principles for the development , namely that: 

# all environmental legislation must be complied 
with; 

φ ecological considerations must receive the 
same attention as technical and economic ones; 
and, 

• construction of the project must show that it is 
possible to develop important resources in 
harmony with nature . 

As Sims notes, this 'seems to be an appropriate basis 
for the implementation of hydroelectric projects 
everywhere ' , and one might easily extend this 
recommendat ion to include all technological de-
velopments, and certainly all renewable energy 
developments . Even so, I suspect that large-scale 
hydroelectric projects will continue to find it in-
creasingly difficult to gain public acceptability. De-
spite the good intentions of the SEBJ, for instance, 
there was some induced seismicity - relatively harm-
less as it turned out - at one of the La Grande 
complex reservoirs. And besides, as Sims acknow-
ledges, measures for the protection of the environ-
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environment, or even of the development of renew-
able technologies to neglect or underest imate the 
environment issue. There are several reasons for this 
point of view. 

First, the principal colours of renewable energy 
are environmental . Without the supposed environ-
mental advantages of the renewables, the case 
crumbles dramatically. For the long-term security of 
the environment it is therefore imperative that the 
case is water tight. Second, a failure to acknowledge 
environmental constraints at an early stage is likely 
to lead to a backlash from public opinion at later 
stages of implementation. Third, the physical nature 
of renewable energy technology in fact means that 
certain kinds of environmental impact are more 
likely than with fossil fuel technologies. Renewable 
energy flows, as already remarked, are diffuse. This 
diffuseness imposes inevitable material require-
ments on renewable energy technologies which are 
likely to be greater (in terms of the useful energy 
return) than those imposed on fossil fuel conversion 
technologies. 

I have already referred to the danger of increased 
energy inputs associated with the diffuse nature of 
the source. But material inputs (and outputs) are 
equally important in environmental terms. Not only 
may certain conditions place material limitations on 
technology development, but also the extended use 
of certain kinds of materials may have significant 
environmental impacts. For instance, the use of 
solvents in the manufacture of PV cells, or the use of 
exotic materials to enhance performance of the cells, 
has potential environmental impacts which should 
not go unrecognized at an early stage. Indeed, policy 
decisions about the development of renewable ener-
gy desperately need to be informed by these kinds of 
considerations, as I shall try to demonstrate below. 

Before doing so, however, it would be unfair not 
to acknowledge the attentions that have been paid 
to environmental issues in the book. Table 4 sum-
marizes the main environmental impacts drawn 
attention to by various authors for the different 
technologies. 

Among the most interesting of the contributions 
on the question of environmental impact is Sims's 
discussion (Chapter 6) of the environmental impacts 
of large-scale hydroelectric power. The impacts of 
this technology relate mainly to ecological and hydro-
logical disruptions, and the consequent damage to 
local ecosystems and local communities. Recent large-
scale hydro developments tend to have suffered 
severely from environmental opposition, sometimes 
splitting the environmental lobby between those 
who are in favour of the dam because of its advan-



ment may add significantly to the economic cost of 
the project. 

Trade offs between economics and the environ-
ment are not unfamiliar to energy supply technolo-
gies, of course. For instance, the retrofitting of flue 
gas desulphurization reduces environmental burdens 
from acid emissions, but increases the cost of energy 
production. Many of the renewables also suffer from 
trade offs between environmental impacts and eco-
nomic costs, albeit on a different scale. 

In the case of wind energy, for example, in the 
search for improved economic performance, de-
velopers will inevitably look for high wind speed 
sites, which in relatively populated countries such as 
the UK are likely to be in areas of designated 
interest or natural beauty, where the (mainly visual) 
environmental impacts of wind energy are greater. 
This tendency increases local opposition to develop-
ment of wind turbines, and increases lead times. 
C l a r k e

1 7
 therefore suggests adherence to environ-

mental siting rules, and the development of planning 
guidelines for local au thor i t i es .

1 8
 But the economic 

trade off may still bite. 

Similar trade offs are evident in other renewables. 
Productivity of biomass cultivation is enhanced, for 
instance, by the application of chemical fertilizers. 
But these add considerably to the environmental 
burdens of the technology. Efficiency of silicon solar 
cells is increased by the introduction of exotic mate-
rials such as gallium arsenide or copper indium 
selenide. But these substances impose increased 
worker risk, and potential environmental b u r d e n .

1 9 

As Kühne and Aulich point out , there are difficulties 
in obtaining consent even for a manufacturing facil-
ity for doping PV cells. 

I am not suggesting that these impacts are neces-
sarily as severe, or even comparable with the global 
and regional impacts associated with fossil fuel com-
bustion or nuclear power. Nevertheless it is import-
ant to know that these kinds of t rade offs exist for 
the following reason. 

In the absence of financial support for renewable 
energy, and given the institutional arena within 
which renewables must struggle to obtain a foothold, 
developers will tend to be driven by the need to 
reduce economic costs, by improving conversion 
efficiencies, or productivity yields, for instance by 
the use of exotic materials or chemical fertilizers. 
These kinds of developments will increase the en-
vironmental impact of renewable energy, whose 
main advantages over conventional systems was to 
have been reduced environmental impact. The fail-
ure of the instutional framework to allow renew-
ables to develop under conditions favourable to the 
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environment may therefore lead to the entrench-
ment of technologies which are increasingly hazar-
dous to the environment. 

This is particularly unfortunate, if it results from a 
failure to take adequate account of the environmen-
tal costs of fossil fuel energy. Almost without excep-
tion, contributors to the series have drawn attention 
to the external environmental costs of fossil fuel and 
nuclear technologies, and pointed to the advantages 
in recognizing this cost, either through an economic 
penalty applied to conventional fuels, or else to 
some specific institutional and economic incentive to 
the renewables. Hohmeyer ' s contribution (Chapter 
17) re-presents and updates his now seminal work 
on the social costs of energy consumpt ion .

2 0
 This 

issue seems so important , and has been raised so 
consistently throughout the series that I reproduce 
some of Hohmeyer ' s assumptions and results here. 

Among the costs which generally remain external 
to conventional pricing systems, but which are readi-
ly seen to be significant for the case of fossil fuels are 
the following: 

Φ short- and long-term impacts on human health: 
physical injury, cancer, genetic damage; 

Φ environmental damages to: flora and fauna, 
soils, water, buildings, the global climate; 

• long-term costs of resource depletion; 
Φ structural macroeconomic effects (unemploy-

ment for example) ; 
Φ subsidies: R & D subsidies, investment sub-

sidies, infrastructure and evacuation service 
costs in case of accidents; 

• cost of strategic conflicts (eg Gulf War) ; and, 
Φ psychosocial costs of serious illness or death. 

Many of these factors already manifest real quantifi-
able economic costs to the nation. Other costs are 
currently unquantified, lying outside the realm of 
conventional markets . In some cases they are, 
moreover , extremely difficult to quantify. Neverthe-
less, it is possible to avoid actual quantification of 
externalities and use qualitative methods for prefer-
ring generation options with lower environmental 
impacts, such as the setting of specific technology 
targets, and the implementation of an economic 
ring-fence to achieve those targets. Alternatively, 
the imposition of environmental limits on particular 
pollutants forces the addition of 'control costs' to the 
conventional costs of generating. 

There are nevertheless an increasing number of 
estimates of actual costs for specific damages .

2 1 

Among them are Hohmeyer ' s calculations, based on 
relatively conservative calculations of the best quan-
tifiable of the external costs. Figure 3 illustrates the 
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Figure 3. The effects of internalizing external costs on the 
market penetration of photovoltaics 

result of incorporating environmental costs into the 
cost comparison between electricity from photovol-
taics and electricity from conventional supplies. 

Photovoltaics are assumed currently to generate 
electricity at a cost of just over 1 DM/kWh (approx-
imately 600/kWh). Hohmeyer assumes that costs will 
fall along the black curve shown in Figure 3, crossing 
at some point the slowly rising costs from fossil fuel 
generation. The point at which they cross (and at 
which PVs become financially preferable to conven-
tional generation) depends crucially on the degree of 
internationalization of external costs. When no ex-
ternal costs are included, Hohmeyer ' s results suggest 
that even by 2020, PVs will not have achieved any 
more than a 5 % 'pioneer ' market . With the fullest 
estimate of external costs included in the compari-
son, however, the results suggest up to 80 or 90% 
penetration of the market by the same period. 

Although we must regard the actual penetrat ion 
as somewhat illustrative - it depends on the exact 
nature of the penetrat ion curve for the technology -

these results are nevertheless striking. Internaliza-
tion of external costs - or some mechanism for 
incorporating the existence of such costs into deci-
sions about technologies - could have very consider-
able impacts on the prospective penetrat ion rates of 
new technologies in the market . 

It should be stressed here that Hohmeyer ' s results 
include external costs associated with PV produc-
tion. Happily these costs seem to be rather small 
(despite the potential environmental impacts associ-
ated with PV cell manufacture and diffusion), and 
this conclusion is borne out e l sewhere .

1 2
 Neverthe-

less, the broad policy implications remain. Econo-
mic imperatives may drive renewables towards in-
creasing environmental impact if policies are not 
devised which account for the environmental im-
pacts of the conventional technologies. 

In general terms the implications of internalizing 
external costs, or at least providing some kind of 
financial incentive to renewables on the basis of such 
costs is illustrated in Table 4. Here I have calculated 
a 'difference' cost for each renewable option, by 
using the economic costs for renewables collected in 
Table 3, and then subtracting conventional fuel costs 
(including external costs) from it. Although this 
result is not rigorous in any sense, because of the 
different sources for costs, and the different associ-
ated methodologies, the general picture illustrates 
how close to competitiveness many renewable tech-
nologies might be were environmental costs to be 
attached to conventional fuels. 

Finally, it is worth remarking on a rather specific 
difference in the nature of the environmental im-
pacts of many renewable energy technologies, com-
pared with those of conventional technologies. 

Table 5. Relative cost of electricity from renewables (with internal-
ization of external costs) (costs in US eVkWh (roughly current 
prices)).

3 

Technology 1990 2000 

Solar PVs + 5 to +90 - 1 5 to +6 
Solar thermal electricity - 1 5 to +30 - 1 9 to +1 
Wind 

Onshore - 2 0 to +1 - 2 1 to - 4 
Offshore - 1 7 to +11 

Wave - 1 5 to +11 - 1 7 to +1 
Hydroelectric - 2 0 to +6 - 2 0 to +6 
Tidal - 1 5 to +11 - 1 5 to +6 
Biomass - 2 0 to +1 - 2 0 to +1 

Notes: a This table is compiled by taking the cost-estimates in 
Table 3, and subtracting a) conventional electricity generation 
costs of 6c7kWh; and, b) a range of external costs 3-8 cVkWh, in 
line with the estimates in Chapter 17. The numbers in the ranges 
therefore correspond to the additional cost of the renewable 
option over the conventional option. When this cost is negative, 
the renewable option is cheaper than the conventional one. 
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Generally speaking there is a certain conceptual 
distance between the environmental impacts of con-
ventional technologies and the lives of the general 
public. Impacts from fossil fuel generat ion, for in-
stance, tend to be regional or global rather than local 
in nature , and although these impacts may affect 
local populations the link between cause and effect is 
not always made. 

In addition, the conventional infrastructure of 
energy supply tends to remain largely invisible to the 
majority of the public. Local communities in the 
neighbourhood of power stations are clearly aware 
of their existence, but beyond the visual horizon, 
this impact is negligible. Quite simply, we do not 
always 'see ' either the major polluters of our en-
vironment, or even the most damaging pollution. 
There is a tendency for 'out of sight' to remain 'out 
of mind' , and objections against or actions for 
reduction in impact are likely to be limited to the 
local populations, rather than the public at large. 

On the other hand the general public will tend to 
be more aware of the existence of renewable energy 
technologies when they are implemented. Since they 
operate best as dispersed, decentralized systems, 
and because of their need for a high capture area, 
they will inevitably be visible to a greater number of 
p e o p l e .

2 3
 This factor is exacerbated by novelty -

electricity pylons are now an accepted feature of 
both urban and rural landscape, but the erection of 
wind turbines still arouses strenuous objections. 
What we are faced with here is a dilemma. In terms 
of potentially catastrophic, global environmental 
impact, the conventional energy supply technologies 
offer considerably greater hazards (and costs) than 
the renewable technologies. But the renewables are 
more present. They offer us the spectre of our 
technological lifestyle in a generally highly visible 
form. 

Dealing with this dilemma is a social and political 
problem. It is not about costing environmental im-
pacts, nor about relative technical merits. It is about 
the readiness of society to face and to accept the 
impact which its own technological demands make 
upon the environment. Enthusiastic technological 
advocacy is not likely (fortunately or unfortunately) 
to influence this. To my mind, the bet ter course of 
action is to open out the debate by acknowledging 
those impacts which do exist, and facing society with 
the choices which must be made . 

POLICY CONSIDERATIONS 

Renewables offer considerable potential for displac-
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ing conventional energy sources, and in some cases 
are already competitive with conventional sources. 
They offer particular environmental advantages in 
terms of reduced atmospheric emissions. Neverthe-
less, they are not yet widely adopted, beyond the 
conventional large-scale hydro resources which have 
been developed over the last few decades. What is 
the explanation for this? Can it all be put down to 
the unfavourability of the economic comparison? 
Are there other institutional factors involved? How 
can these factors be overcome, and what measures 
need to be taken to ensure that the true economic 
potential for environmentally sound energy supply 
can be implemented? 

These questions were among the most important 
to be addressed in this series of papers , and they 
have been tackled by the various authors in a variety 
of ways. Some differing points of view have been 
expressed, some interesting individual assessments 
have been made , but largely there has been a strong 
consensus about the overall factors which are contri-
buting to the failure of renewables to impact on 
energy supply to any significant extent, and also 
about the kinds of policy measures which will need 
to be put in place in order to rectify this. 

An initial point to make is that there is still, of 
course, an economic penalty for at least some of the 
renewable technologies, when compared with con-
ventional fossil fuel supply. From the perspective of 
an uncritical economic analysis, one might therefore 
be tempted to suggest that the renewables have 
made no mark because they are simply too expen-
sive. As and when the technology costs fall, then 
renewables will begin to take their place in the 
energy supply infrastructure according to the princi-
ples of a competitive market . While there may be 
some truth to the suggestion that when costs fall low 
enough renewables will begin to impact on the 
market , two things lead us to question the complete-
ness and accuracy of this position. 

First, some at least of the renewables are competi-
tive or very nearly competitive with fossil fuels. Why 
are these technologies still struggling for a substantial 
foothold in the market? Second, the case of nuclear 
fuel indicates that with sufficient government and 
industrial will, some very expensive technologies are 
capable of making substantial impacts on the mar-
ket , on a basis which is not economically competi-
tive. Nuclear generation has been the beneficiary of 
considerable subsidization (often concealed) and 
considerable vested interest (both commercial and 
military) since the early days of its development. 
Given the potential environmental advantages of the 
renewables, why has this not happened for them? 
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F u s i o n ( 1 2 . 0 % ) 

T o t a l = $ 7 3 4 3 m i l l i o n 

Figure 4. Energy R&D spending by IEA governments 
(1989). 

Source: OECD 1990 cited in Flavin & Lenssen, Chapter 16. 

In fairness, it should be remarked in response to 
this second point, that the nuclear case was made for 
a long time on the basis that it would be economical-
ly competitive, and that once the unforeseen costs of 
the technology began to escalate, the development 
of nuclear power has been virtually halted. Never-
theless, as many of the contributors have pointed 
out, the level of research and development funding 
has continued to favour nuclear power over the 
renewables (Figure 4), and this is a situation totally 
at odds both with the potential environmental 
advantages of the renewables over nuclear power, 
and with the complex technological needs still to be 
addressed within the many different areas of renew-
able energy technology. 

Among those needs, Grubb (Chapter 19) has 
identified the following three broad areas: 

φ resource surveys; wind regimes; insolation 
rates, soil characteristics and so on; 

φ fundamental research: basic areas of PV tech-
nology, power electronics for interfacing and 
control, biomass conversion chemistry etc; 
and, 

Φ technology development. 

In the same paper , Grubb answers the problem of 
the slow impact of renewables by suggesting a broad 
underlying scepticism towards and ignorance about 
renewable energy. He points in particular to: 

φ a primary lack of data about renewable re-
sources and technologies, leading to an under-
estimate of their potential; 

Φ excessive conservatism in technology and re-
source assessments; 

φ failures in transferring knowledge to the policy 
community; and, 

φ failures of vision in applying existing and 
broadly accepted assessments into energy pro-
jections and policies. 

These issues are clearly important , particularly at 
the level of attitudinal responses and institutional 
biases, and they may explain, for instance, why 
R & D spending has remained so low. Similar con-
cerns about the nature of institutions have been 
voiced by other contributors to the series. Twidell 
and Br ice

2 4
 have highlighted the lack of basic informa-

tion. Flavin and Lenssen (Chapter 16) point out the 
power of various institutional lobbies in maintaining 
fossil fuel and nuclear contributions to energy supply, 
and call for a reform of the international energy insti-
tutions. Several authors have suggested the develop-
ment of national, and possibly international, renew-
able energy development agencies. 

Twidell and Brice point out the advantages of 
developing renewables through decentralized ex-
ploitation of what they call 'niche opportunit ies ' , 
local or regional hotspots of ambient energy flow, 
which match appropriate demands . The advantages 
of such an approach are potentially improved cost-
effectiveness, a decentralized, and modular develop-
ment well suited to the nature of renewable energy 
technology, and a technological learning curve, 
somewhat cushioned by favourable circumstance. 
Disadvantages might include a somewhat slow de-
velopment , and a potential marginalization of the 
technologies. Others in the series have argued that it 
is time for renewables to begin to displace the power 
of the conventional fuel supply lobbies. 

These are all important insights into the develop-
ment of an institutional context more sympathetic to 
the emergence of innovative renewable energy tech-
nologies. What these suggestions tend to bypass, 
however, is the acknowledgment of certain hard, 
institutional and economic blocks which stand in the 
way of renewables investment and deployment. In 
the next section of the paper , I would like both to 
illustrate some of these economic manifestations of 
institutional intransigence and to identify appropri-
ate policy initiatives for tackling them. 

INSTITUTIONS AND ECONOMICS 

The existing energy supply structures in the indus-
trialized world is the result of almost two centuries of 
technological development on the basis of fossil fuels 
(and more recently nuclear power) . That these tech-
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nologies should have established themselves in 
rather specific institutional ways is therefore not 
surprising. But much of this historical structure 
imposes powerful economic implications on the abil-
ity of renewables to enter the existing market . 

For example, over the last 40 years or so, electric-
ity supply structures in developed and industrializing 
countries have been built up largely as a result of the 
access of utilities to cheap, often state-subsidized, 
capital. This has resulted in two important institu-
tional features of the existing electricity supply 
market . 

In the first place in some at least of those coun-
tries, there is now a considerable danger of substan-
tial overcapacity in supply. In the U K this over-
capacity is striking. Scotland currently possesses a 
218% overcapacity of supply. In England and 
Wales, in the wake of the privatization of industry, 
proposals exist for a total of 30 G W of new (gas 
fired) electricity generation plant, far more than is 
conceivably necessary to meet technical shortfalls. 
In France, a massive state-funded nuclear construc-
tion programme has led to a similar overcapacity in 
supply. 

Quite apart from anything else, this overcapacity 
problem operates as a significant disincentive to 
investments in energy efficiency, particularly if it is 
reinforced by a price regulatory structure which 
impedes cost recovery of the energy efficiency in-
vestments and passes through the fuel c o s t s .

2 5 

Equally, however, it means that economic compari-
sons on the basis of equitable assessments of the 
costs of renewable technologies with conventional 
technologies are virtually meaningless. Very low 
marginal costs for electricity are the inevitable eco-
nomic result of overcapacity. Renewable energy 
investments must compete not with the costs for 
conventional energy annuitized at a common social 
discount rate but rather against the short-run mar-
ginal costs of (often subsidized) existing plant. 

In the UK, this situation means essentially that 
there will be no real competit ion between renewable 
technologies and conventional plant for at least 15 or 
20 years, except within a financial ring-fence estab-
lished by government. Although this is in fact the 
policy currently proposed by the U K government for 
development of renewable energy, it is clearly far 
from ideal to subsidize a competitive technology, on 
the basis of historical distortions in the institutional 
structure. This strategy is also subject to the problem 
that a ring-fence is likely to marginalize the ring-
fenced technology in the context of the real market , 
and limit its application to pre-established govern-
ment targets. In reality this may well mean consider-
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ably less renewable energy than would soon be 
economically competit ive. 

The second implication of the historical develop-
ment of energy institutions is the emergence of 
strong, often monopolistic institutions supported by 
favourable regulatory structures and with continued 
access to contracting arrangements and sources of 
capital which are inherently cheaper than those 
available to new, independent investors. The tech-
nological and historical inertia associated with these 
semimonopolistic institutions means that they are 
not likely to invest in innovative technologies. On 
the other hand, prospective new investors find the 
real economic framework weighted heavily against 
them, as the following analysis shows. 

The economic comparison between different elec-
tricity supply technologies (assumed to be supplying 
the same system in more or less the same m a n n e r )

2 6 

is generally made on the basis of the so-called 
generation cost methodology which calculates a cost 
per kWh on the basis of capital costs (annuitized 
over the lifetime of the project) , fuel costs, and 
operat ion and maintenance costs. Generally, a com-
mon discount rate is chosen to annuitize the capital 
costs, thus providing a supposedly equitable basis for 
the comparison. Many of the costs for renewable 
energy technologies quoted above are on this basis. 

In practice, however, two specific kinds of ine-
quities can creep into this economic comparison. In 
the first place, the cost for the technology is not a 
well-defined concept in the electricity supply market 
place. A concept which is bet ter defined is the 
'buyback price' required by the investor in order to 
achieve a certain internal rate of return over a 
certain ' investment period' . Both the required rate 
of return and the investment period are highly 
influential in determining the required buyback 
price if the investment is to be considered worth-
while. Generally speaking, and other things being 
equal , the shorter the investment period and the 
higher the required rate of re turn, the higher the 
buyback price required for electricity supplied if the 
investment is to be viable to the investor. The 
problem for renewable energy is that both the 
required rate of return and the investment period 
are heavily dependent on a number of institutional 
factors, some of which may be beyond the control of 
the investor. 

To illustrate this, let us consider two separate 
investors considering wind energy investments in 
sites with the same average wind speed conditions. 
In both investments (Project A and Project B , let us 
say) the technology being considered is a wind 
turbine with a predicted annual load factor (given 
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on conventional fossil fuel generation. The order is 
fulfilled under a reviewing system in which applica-
tions below a certain cut-off point within each indi-
vidual technology band are each allocated consent 
on the basis of the highest required buyback price 
within that band. For wind energy the band price in 
the recent quota was around l l p / k W h . Potential 
investors were subject to commercial costs of capi-
tal, and the threat of a 1998 cut-off for the N F F O 
meant that they needed to recoup that capital within 
about six years - exactly the conditions supposed for 
investor Β above. 

The overall effect of these kinds of real economic 
factors in an open market situation would be to 
render wind energy an exceedingly unprofitable 
investment requiring very high rates of return for 
private investors, thus discouraging all but the most 
dedicated afficionados of wind energy. In practice, 
the rather idiosyncratic mechanism of the U K gov-
ernment ' s N F F O has allowed a small tranche of 
wind energy to move towards development , but 
under financial conditions which do not reflect the 
true costs of wind energy at all, giving the impression 
that extremely high buyback prices are needed if 
wind energy is to be a viable propos i t ion .

2 8
 This in 

itself may lead to only limited expansion of the 
targets for implementation of renewables in the 
future. The ring-fence fences renewables in as well 
as fencing conventional capacity out! 

The last few years have witnessed an increasing 
interest in private investment in wind energy, from a 
n u m b e r of d i rect ions: wind energy technology 
manufacturers, private cooperatives including far-
mers and local communities, and entrepreneurs in-
terested in cornering a part of the emerging private 
generation market . Surely these different interests 
should be encouraged, offering as they do a spon-
taneous and potentially beneficial effort towards the 
development of renewable energy technology? And 
yet non-utility investors are financially discouraged 
from investing in wind power projects within existing 
institutional frameworks. The utilities meanwhile, 
through a mixture of historical factors, technological 
inertia, and institutional anomalies have generally 
been slower in developing such investments. 

What can feasibly be done to ease this situation in 
an efficient and cost-effective fashion? 

In the UK, as I have mentioned, the case for wind 
energy (and a number of other renewable energy 
projects) is being eased perversely by the idiosyncra-
tic mechanism of the N F F O . There is certainly a case 
for a smoother , perhaps less idiosyncratic approach 
based on the same idea, namely a hypothecation of 
fossil fuel levies to ease the financial burdens of new, 
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the turbine rating and site conditions) of 3 0 % , 
installed capital costs of £1000 per kW, and opera-
tion, maintenance and site costs estimated at 3 % of 
the total capital cost per y e a r .

2 7
 Investor A is an 

electricity supply utility, let us suppose, while inves-
tor Β is an independent producer, hoping to corner a 
place in the developing market for wind energy. For 
the purposes of this comparison we shall ignore any 
availability of subsidies and assume that other condi-
tions (rates, site costs, overheads and so on) are all 
equal and accounted for within the O & M costs. 

Now the utility investor is likely to operate under 
a required real rate of return of 8%, let us say, and 
because of his historical place in the market , his 
financial status, and the security of his contract for 
sale of electricity to the local purchasing agency or 
distribution company is able to use an investment 
period corresponding to the lifetime of the technol-
ogy (which we suppose in this instance to be 25 
years). These conditions mean that his required 
buyback price for the electricity from the investment 
is 4.7p/kWh. 

The independent producer, on the other hand, is 
constrained by the cost of commercial capital (in-
terest rate) to use a higher rate of return (part of this 
higher cost being due to the innovative nature of the 
investment, and the risk perceptions of the capital 
market) of 1 1 % , let us say. Additionally, he is 
guaranteed purchase of his electricity at a price to be 
agreed only over a contract period of six years, 
which is therefore the period he must adopt as his 
investment period. To this investor the buyback 
price he must at tempt to negotiate with the distribu-
tion company or purchasing agency rises to over 
10p/kWh, more than double the buyback price re-
quired by the utility investor. 

Here then is a very clear example of the way in 
which institutional arrangements affect the per-
ceived costs, and hence the financial viability of 
investments in renewable energy projects. While this 
may seem to be an extreme comparison, it closely 
resembles the economic conditions within the U K at 
the moment . 

Under the privatization of the U K ESI (Chapter 
18), the government introduced an obligation on the 
distribution companies to supply a certain percentage 
of their electricity from non-fossil sources. This is 
the ring-fence referred to earlier. Originally in-
tended to support the nuclear industry in the in-
terests of diversity, this non-fossil fuel order (NFFO) 
was developed to include a special tranche for the 
renewables. Under the conditions of the order the 
extra costs involved in supplying this renewable 
energy were obtainable via a fossil fuel levy imposed 



environmentally preferable sources of generat ion. 
In Denmark and California the private market 

for wind energy has been encouraged by tax credits 
and subsidies, and these methods too have had some 
discernible success. The dangers of these kinds 
of incentives are , however, twofold. First, over-
subsidization leads to a degree of technological 
complacency and the implementat ion of technologi-
cally substandard and economically suboptimal pro-
jects. Second, and perhaps more devastatingly in the 
long run, changes in subsidy levels have tended to be 
abrupt, and therefore disruptive in ways that seem 
out of proport ion to the actual degree of the change. 
A prime example of this is provided by the collapse 
of Luz International early in 1992. Their bank-
ruptcy forced the abandonment of several projected 
solar parabolic projects and jeopardized the con-
tinued operation of existing plant. Luz blamed not 
only the loss of certain state tax credits but also the 
uncertainties surrounding the renewal of both state 
and federal credits, leading to loss of confidence 
both within the company and among potential 
investors. 

Of course, some kind of mechanism for an inter-
nalization of environmental costs will also aid the 
financial cause of the renewable technologies, and 
may provide an added incentive, particularly for 
utility investment in renewables, if the mechanism 
employed is appropriately designed. The discussion 
of the internalization of external costs in the preced-
ing sections focused on a quantitative costing of 
environmental damages , and the incorporation of 
these damages into fossil fuel prices (for instance). 
There are many difficulties with carrying out this 
exercise, but that does not necessarily mean it 
should not be a t tempted. As Stephen Salter has 
pointed out 'we often assume that if some cost is 
difficult or embarrassing to calculate the answer is 
zero. We then optimize the system at the expense of 
the feature we are neglec t ing '

2 9
 - in this case the 

environment. In fact, with regard to the environ-
mental costs of fossil fuelled energy, there is only 
one thing we can be certain of: that zero is the wrong 
number! 

Costing environmental damage is not the only way 
of internalizing known environmental costs, how-
ever. Hypothecat ion of fossil fuel levies, in the 
fashion described above for the case of the U K , on 
the basis of a declared target for implementat ion of 
renewable is certainly one alternative - subject to 
the caveats already made . Other alternatives include 
simple financial 'adders ' applied to fossil fuel prices, 
the application of strict environmental emission 
standards for polluting emissions, the manipulation 

Summary and Conclusions 

of allowed rates of return to utilities on the basis of 
environmental performance, and the setting of re-
quired targets for renewable energy with costs re-
trievable from consumers .

3 0 

One of the most interesting proposals for facilitat-
ing the cost-effective implementat ion of renewable 
energy revolves around an appropriate institutional 
framework for dealing with risk. In the example 
cited above, investor Β was subject to a higher cost 
of capital (interest ra te) , which meant that his own 
required rate of return for the project was signifi-
cantly higher than the likely rate of return for the 
utility. A part of this difference in required rate of 
return would have been a result of the risk percep-
tions of the commercial capital market . 'Wind is a 
new technology, and innovation is risky.' That is the 
way in which the project would probably be per-
ceived by investors. In order to account for this 
supposed increase in risk, a certain added factor 
would be made to the rate of return applied to the 
capital. 

A w e r b u c h
3 1
 presents a number of reasons why 

this discount rate adjustment may be overestimated 
for certain kinds of renewable energy investment. 
These reasons include the advantages of such invest-
ments in terms of modularity, low marginal costs, 
and overhead reductions. The most striking element 
in this analysis, however, is the comparison between 
the risk assessment made on such a project, and the 
risk assessment conventionally made on fossil fuel 
investments. Risk, in the context of fossil fuel invest-
ments , is dominated by the risk associated with fossil 
fuel price changes. But this risk may not affect the 
rate of return of the project if the institutional 
structure allows for fuel cost increases to be passed 
through to the consumer .

3 2 

Additionally, we might have considered the risk 
associated with future environmental damages from 
fossil fuel combustion. But again, in the absence of 
an appropriate institutional structure, this risk is not 
borne by the investor, but by society at large. 

At this point the implications of the failure of 
utilities to invest in new renewable technologies 
becomes much clearer. Not only is the investment 
infrastructure skewed towards the conventional 
technologies in terms of the discount rate and (poss-
ibly) the investment period. But this inequitable 
situation is reinforced by the structure of price 
regulations, which treat different investments in 
unjustifiably different fashions. We also begin to 
see, from the perspective sketched out here , how the 
need for investment in strategic resource defence 
(the Gulf War , for example) which I have alluded to 
in my introductory chapter is being reinforced by 
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RENEWABLES IN DEVELOPING 
COUNTRIES 

Several papers in this series have addressed the 
development and deployment of renewable energy 
in developing countries. Hall et al (Chapter 12) 
looked at some specific biomass case studies, and high-
lighted the over-riding importance of local conditions 
in determining the success of the projects, and the 
need to develop such projects with full local involve-
ment . Foley (Chapter 15) broadened this perspec-
tive by examining the past successes and failures of 
renewable energy development assistance in develop-
ing countries. The lessons from this study were 
harsh and uncompromising. 

Some legitimate and competitive niche opportuni-
ties do exist for specific renewable technologies in 
developing countries. But the record of renewables 
energy projects set up using development assistance 
in developing countries has been poor. Schemes 
have been dogged by technical failures, high capital 
costs, falling oil prices, inadequate technical and 
economic assessments, and in some cases, simply 
inappropriate technological choice, and this all in 
spite of the setting up of various international de-

velopment assistance agencies with apparently good 
intentions. 

Foley argues for increased vigiliance and rigorous 
assessment. Hall (Chapter 12) and Rady (Chapter 13) 
both call for the close involvement of local communi-
ties. All of the authors warn against viewing develop-
ing countries as some kind of seedbed for renewable 
energy. In many cases, technologies have either not 
been technically developed enough for installation, 
or else were unsuited to the relatively underdeveloped 
technological support structure in the locality. In some 
other cases, projects have jeopardized the successful 
development of a sustainable local energy supply 
strategy. 

Once again, there is a lesson here for Western 
policy makers . In search of niche markets and 
economic opportunit ies , manufacturers are likely to 
be driven into seeking development assistance 
opportunit ies in foreign markets if the appropriate 
financial and institutional conditions do not exist in 
home markets . Whereas this kind of international 
development is not problematic if it occurs between 
countries at equal stages of technical and economic 
development , and with equally rigorous assessment 
procedures , there is a need for vigilance to prevent 
renewable energy being sold to the developing world 
(even via assistance agencies) as a substitute for 
appropriate technological development in the West. 

Finally, I cannot leave this subject without drawing 
attention to Palmer 's cautionary tale (Chapter 14) of 
the development of the country boats in Bangladesh. 
In some sense, this returns me to the remarks I made 
in one of the opening sections concerning the indus-
trial revolution. The virtue of fossil fuels was to bring 
to industrializing nations very necessary, highly flex-
ible, mobile energy carriers, with which to modernize 
industry, construct new societies, and improve stan-
dards of living. Whatever the virtues and vices of 
that particular process in retrospect and however 
one may feel about some of the more far-reaching 
consequences, we cannot expect that those nations 
still to traverse their own development paths, will 
forgo technical advances which could improve their 
living conditions, simply for the sake of out-of-date 
concepts or imported ideals. 

The use of renewable energy in developing coun-
tries can only be expected to displace the use of fossil 
fuels, if genuine economic and env i ronmenta l 
advantages are offered by it. This in itself suggests 
that , as Kris toferson

33
 notes: 

The cutting edge of renewable energy technology develop-
ment will have to be in the industrial countries, particular-
ly in the IEA countries. If nothing happens there, nothing 
will happen at all. 
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the same inequitable structure. 
In the bluntest possible terms, the failure of 

existing infrastructure to adequately incorporate 
different risk elements on an equitable basis is 
tantamount to a provocation to armed conflict. Or , 
put another way, it is an incentive to environmental 
destruction. 

These are powerful conclusions, and of course 
must be treated contextually. In some contexts, 
these kinds of inequities exist, and are reinforced by 
these kinds of regulatory structures. In other con-
texts, at tempts are increasingly being made both to 
incorporate some financial incentives for the de-
velopment of renewable technologies, on the basis 
of their environmental advantages, and to develop 
equitable regulatory and financial structures, under 
which these investments can be effectively carried 
out. The analysis in this section serves to illustrate 
some specific senses in which the institutional infras-
tructure can operate against the best interests of 
renewable energy, against the best interests of the 
economy, against the best interests of the environ-
ment , and against the best interests of global secur-
ity. There is no better indication that it may be time 
to address these structural elements and find ways to 
change them. 



CONCLUSIONS 

The prospects for renewable energy are good. The 
resource base is enormous . There are a number of 
well-developed technologies, whose conversion effi-
ciencies (improving all the time) ensure a very 
considerable recoverable resource. The economic 
costs of many of these technologies are fast moving 
into a competitive position with fossil fuels, and in 
addition there is an emerging shift in political atti-
tudes, in part because of a burgeoning environmen-
tal awareness, and the development of international 
agreements on actions on climate change, and in 
part because of slowly growing awareness of the 
economic, social and humanitar ian costs of the 
strategic security needs associated with import-
driven, fossil-fuel dependency. All of these factors 
imply a promising future for renewable energy. 

At the same time a number of institutional obsta-
cles stand in the way of genuine progress towards 
implementation. Some of these obstacles have speci-
fic economic implications, ensuring that even those 
renewable energy technologies which are competi-
tive under common assumptions are unable to com-
pete equitably against conventional fuel sources in 
the existing infrastructure. While these institutional/ 
economic obstacles exist, developers of renewable 
energy will be forced to seek cost reductions and 
efficiency improvements even if this can only be 
done at the cost of increased environmental impact. 
The maintenance of inappropriate economics and 
institutions may therefore not only significantly re-
duce the potential for implementat ion of renewable 
energy, but may in addition jeopardize the environ-
mental integrity of the whole endeavour . 

A variety of different policy initiatives are avail-
able for governments who are open to aiding the 
development of renewable energy technologies. 
These include the establishment of strict emission 
limits on conventional fuels, the taxing of emissions, 
the setting of targets for implementat ion of renew-
ables, and the development of subsidy schemes, tax 
credits systems, or price ring-fence systems for re-
newable technologies. Two particular policy aspects 
have been highlighted in this summary paper . On 
the one hand recognition has been given to the need 
for development of instruments appropriate to the 
internalization of the external costs of energy con-
sumption - either through quantitative costing pro-
cedures or through qualitative mechanisms for pre-
ferment. On the other hand attention has been 
drawn to the need for development of impartial , and 
even-handed regulatory structures. These structures 

Summary and Conclusions 
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While the energy from the sun covers a broad spectrum from ultra-
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must be capable of ensuring equitable financial 
conditions to all energy supply technologies, in 
particular by dealing appropriately with short- and 
long-term societal risk. 

To do justice to the breadth and depth of the 
contributions to this book, would be a mammoth , 
probably impossible, task. In this paper , I have 
sought to convey the main conclusions, and the 
broad consensus of opinion amassed in the preced-
ing papers , while at the same time recognizing the 
reservations expressed. To summarize that consen-
sus, it would suffice to answer the question which 
this book set out to address, in the following way. 
Provided that the appropriate institutional steps are 
taken, provided that there is sufficient political will 
and institutional flexibility, renewable energy offers 
considerable hope for a sustainable, affordable and 
are equitable energy future for mankind. 
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