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Preface

One of the important issues in developing sustainable management strategies is the
assessment of the sustainability of business operations and an organization’s
overall environmental performance. The concept of sustainability is multi-faceted
and interdisciplinary by nature. To evaluate sustainability in quantitative terms, a
large number of indicators, processes, and their interrelations must be taken into
account and both present and future values of various indicators must be gener-
ated. Traditionally, sustainability is assessed based on a single aspect and using
isolated indicators. The urgency to provide an integrated sustainability assessment
is well understood, while quantitative methods for such assessment are yet to be
developed. It is necessary to identify and bridge gaps between quantitative indi-
cators of different aspects of sustainability for an integrated sustainability
appraisal.

This volume presents original research papers on the state-of-the-art in sus-
tainability appraisal, including the development and application of sustainability
indices, quantitative methods, multi-criteria optimization models, and frameworks
for evaluation of an organization’s environmental performance, as well as eco-
efficiency approaches leading to business process re-engineering and modern
trends in environmental reporting. By its scope, the book is intended for a broad
audience from the academia and the industry and can be of interest for environ-
mental researchers, business managers and process analysts, information man-
agement professionals and environmental decision makers who will find valuable
sources of information for their work-related activities.

The book showcases contributions of geographically dispersed authors from
Europe, North America, and Asia. It is a clear indication of a growing interest in
green economy and international collaboration on the issues of sustainable
development. The chapters in the volume explore international approaches to
sustainability assessment as well as their country-specific applications. The high
scientific quality of the chapters was assured by a rigorous double-blind review
process implemented by the leading researchers in the field from Australia,
Denmark, Canada, Germany, Italy, New Zealand, Poland, Spain, United Kingdom,
and USA.
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The volume is published in the EcoProduction series and, as one of its mile-
stones, aims to disseminate new ideas and motivate future developments for
integrating sustainability concepts into product systems.

Our project would not be successful without its key participants—Authors and
Reviewers. We would like to thank all researches who responded to the call for
chapters and submitted manuscripts to this volume for their interest in the project.
Although not all of the received papers appear in this book, the efforts spent and
the work done for this project are very much appreciated. We would like to thank
all authors of the chapters in this book for their hard work on manuscripts under
tight deadlines and high quality of the contributions presented.

We are grateful to our reviewers whose names are not listed in the volume due
to the confidentiality of the process. Their voluntary service and insightful com-
ments helped the authors to improve the quality of the manuscripts as well as to
make editorial decisions on each chapter.

We would like to thank Dr. M. Singer, Dean, Faculty of Liberal Arts and
Professional Studies, York University, Canada for his support of this project.
The allocated time was much needed to complete the book.

We would like to express our appreciation to Mr. Thambidurai Solaimuthu,
Springer Project Coordinator (Books) for his constructive guidance and friendly
support of the project from the beginning throughout all of its stages.

Marina G. Erechtchoukova
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vi Preface



Contents

Dimensions of Sustainability Appraisal. . . . . . . . . . . . . . . . . . . . . . . . 1
Marina G. Erechtchoukova and Peter A. Khaiter

Part I Sustainability Indicators

The FEEM Sustainability Index: An Integrated Tool
for Sustainability Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Carlo Carraro, Lorenza Campagnolo, Fabio Eboli, Silvio Giove,
Elisa Lanzi, Ramiro Parrado, Mehmet Pinar and Elisa Portale

Measuring and Evaluating Business Sustainability: Development
and Application of Corporate Index of Sustainability
Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Frank Medel-González, Lourdes García-Ávila,
Adael Acosta-Beltrán and Cecilia Hernández

Sustainability Indicators: Development and Application
for the Agriculture Sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
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Dimensions of Sustainability Appraisal

Introduction

Marina G. Erechtchoukova and Peter A. Khaiter

Abstract Quantitative assessment of sustainability becomes an important issue
for selecting technological and managerial alternatives in all areas of human
activities including industry and policy making. The main frameworks for sus-
tainability appraisal and their evolution are briefly described in the chapter. These
frameworks govern the development of sustainability indicators with various
levels of granularity. Sustainability assessment is conducted as a comparison and
analysis of values of current and future welfare outcomes, which make the
application of models and mathematical tools unavoidable and explain the
necessity to use quantitative indicators of sustainability. The chapter presents an
overview of the book.

Keywords Sustainability indicators � Environmental performance evaluation �
Eco-efficiency

1 Eco-efficiency in View of Sustainability

The term ‘eco-efficiency’ was introduced by the World Business Council for
Sustainable Development in 1992. Eco-efficiency was formulated as a way to
convey sustainability to the entire life-cycle of products and as one of ‘‘the new
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forms of cooperation between government, business, and society’’ (Schmidheiny
1992). Since then, it has been refined and elaborated into a management strategy
incorporating three main objectives: increasing the value of a product or a service,
optimizing all resources used towards that increase and reducing the associated
impact on the environment. Quantitative eco-efficiency assessment of product
systems becomes an important process for choosing correct technological and
managerial alternatives. This fact is reflected in the recent ISO 14045 standard.
The standard outlines several main components of the eco-efficiency assessment
including environmental assessment, the product-system-value assessment, the
quantification of eco-efficiency, and reporting (ISO 14045 2012). Similarly to
other ISO standards, it does not supply a rigid set of formulae or methods for
evaluation, but it rather presents a framework which is expected to be filled with
quantitative techniques specific to business activities. The scope of the standard
clearly indicates that sustainability appraisal is an integral part of the process of
developing eco-efficient strategies, alongside environmental assessment and
reporting. All these activities are examined in the chapters of this book.

Recognition that changes in the state of natural environments have complex
causes and even more complex consequences motivates the development of a
structured approach to managing environmental issues and their interrelations with
political and economic processes. By its nature, sustainability appraisal is a
multidisciplinary analysis of environmental problems at different scales with
respect to their effects on the economy and society. Jeffry (2005) classified the
main aspects of integration as (1) integration across disciplinary, professional or
cultural perspectives; (2) investigation of cause-effect chains; (3) integration
across spatial and temporal scales; (4) legal and social constraints; and (5) ‘‘the
description-diagnosis-prescription’’ process. Each aspect implies specific analyti-
cal techniques that may vary from case to case.

2 Assessment and Reporting Frameworks Promoting
Sustainability

The systems approach considers the environment as a component which affects
and receives impacts from other components of a larger system. Economy and
society are the two other pillars closely interacting with the environment. In
addition, the society applies an institutional component to manage interactions
between all the pillars and activities within them (Rotmans and van Asselt 2001;
Thornton et al. 2006). This representation allows for distinguishing between the
three main aspects of possible consequences of a policy or an undertaking in terms
of environmental, economic and social impacts. The aspects represent the main
themes of the environmental assessment.

A refined interaction of the environment, economy and society was described
by the Pressure-State-Response framework adopted by the EU Organization for
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Economic Co-operation and Development in early 1990s’ (e.g., OECD 1997). This
framework was elaborated to reflect a more comprehensive approach to the
analysis of environmental problems. As a result, a detailed framework, the drivers-
pressures-states and trends-impacts-responses (DPSIR) was proposed (Gabrielsen
and Bosch 2003). It identifies relationships between the main components,
important for integrated assessment of anthropogenic impact on the environment.
The conceptual scheme of the framework considers two main actors: the envi-
ronment and the society. ‘Drivers’ (i.e., economic and/or societal processes) create
‘pressure’ on the environment. The environment alters its ‘state’ under this pres-
sure and inevitably changes the services it provides to the society. The latter
constitutes an ‘impact’ on the society. ‘Responses’ to the impact generated by the
society may represent either adaptation to environmental changes or reduction of
the pressure. The DPSIR framework has been modified lately by adding new
findings in environmental assessment and also by extending regional specifics in
the environmental reporting.

Reflecting the multidimensional nature of human-environment interactions, a
building block approach has been introduced (UNEP 2009). The building blocks
can be used in sets with different numbers and sequences of blocks in order to
tailor the assessment to different types of policymaking and planning processes.
All blocks are classified into three groups describing the process itself, the policy
institutional context and the analytical context. The first group provides blocks to
design the assessment process, including communication links between different
stages in a way that fits the policy-making procedures. The policy institutional
context ensures stakeholder engagement, and investigation and the improvement
of institutional context, and evaluation of the effectiveness of the assessment
process. The analytical context determines actual steps undertaken for the
assessment.

These frameworks have been explicitly declared as conceptual models for the
integrated environmental assessment mainstreaming sustainability. However, to be
applied, either framework has to be filled with issue-specific indicators. These
indicators depend on the problem domain as well as on the temporal and spatial
scales of an investigated case study. At the same time, these indicators must be
consistent with commonly recognized sustainability measures recommended for
environmental reporting.

3 Sustainability Indicators

An assessment framework requires the selection of indicators relevant to the goal
and evaluating them as a means for comparison of a strategy or a process with its
alternatives. A commonly recognized necessity to describe sustainable develop-
ment by a set of quantitative indicators measuring sustainability at the national and
international levels has been expressed in Agenda 21 (UN 1992). The conceptual
frameworks for sustainability indicators help to answer the key questions: (a) what

Dimensions of Sustainability Appraisal 3



to measure? (b) what to expect from the measurements? and (c) what kind of
indicators to apply? The first set of sustainability indicators has been developed
based on the Drivers-States-Responses framework, where ‘drivers’ represent
activities affecting sustainable development, ‘states’ reflect the current status, and
‘responses’ describe societal actions directed towards sustainable development.

Since the framework was introduced, the set of sustainability indicators has
been significantly revised. As a result, the original 134 indicators have been
reduced to 58 and further modified to 96 indicators of sustainable development
which contain 50 core indicators according to evolving perceptions on the
assessment and reporting process and its DPSIR framework, existing practice and
the feasibility of some indicators. Core indicators are common for most countries.
These indicators are irreducible since they supply information unavailable through
other indicators from the set. Finally, these indicators are economically feasible as
they can be evaluated on the data which are either available in the most of the
countries or can be obtained within reasonable time and expense (UN 2007).

The DPSIR framework supports the assessment of environmental sustainability
mainly from the environmental perspective, i.e., reflects the extent, to which the
anthropogenic impacts are adverse and how they can be mitigated. Economic
perspectives suggest indicators that express interactions between economic
processes and natural environment in monetary terms. The System of National
Accounts quantifies economic activities related to production, consumption,
investment and foreign trade. An introduction of similar indicators to express
natural capital and its changes under anthropogenic impacts seems promising for
the integration of the assessment. However, monetary estimates of many envi-
ronmental impacts do not exist at present due to disagreement on impact appraisal
and availability of relevant data. Rather, the System of Integrated Environmental
and Economic Accounts extends existing national accounts to describe the envi-
ronment in physical terms (UN 2003).

Indicators for the Social pillar have been developed as measures of the quality
of human life. The System of Social and Demographic Statistics attempted to
describe stocks and flows of individuals and their involvements in economic and
social processes in an accounting form reflecting ‘‘life sequences, time budgets and
cost-benefit distributions’’ (Bartelmus 2008). Unfortunately, no agreement has
been reached on the concept of the quality of life and its quantification. Unified
theories or data systems for environment-population interactions are less devel-
oped than those describing economy-environment interplay. As a result, the
assessment must take into account important demographic and socio-economic
characteristics such as migration, fertility, marital status, education, labour force
status, occupation, industry and health.

To evaluate the sustainability of an undertaking, it is necessary to obtain and
analyze values of current and future welfare outcomes. The latter makes
an application of models and mathematical tools unavoidable and justifies the
necessity to use quantitative indicators of sustainability. Modelling is charged with
evaluation of indicators of environmental, economic and social impacts of an
activity, an institutional change or an event based on available data and
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transforming these data into information for decision makers. Each modelling
exercise is case-specific. However, the common challenge of any modelling
exercise is the necessity to combine indicators of the states of three main pillars
into a single framework and present the results of quantitative assessment to
decision makers in a clear and persuasive form.

4 Structure of the Book

The book presents original research chapters on quantitative methods for sus-
tainability appraisal at the international, national and local levels, on application of
quantitative methods for developing environmentally friendly business strategies.
It can be viewed as a reference source for environmental researchers, business
managers and process analysts, information management professionals and envi-
ronmental decision makers who will find valuable information for their profes-
sional activities.

The book is subdivided into three main parts. The first part is focused on
sustainability indicators. The chapters in this part explore a methodology for
quantitative comparison of environmental performance between countries based
on sustainability indices, approaches to measuring and evaluating business sus-
tainability on the basis of corporate index of sustainability performance. The last
chapter in this section concerns the development and application of sustainability
indicators in agriculture.

The second part explores trends in environmental reporting, key indicators of an
organization’s environmental performance in different industrial areas, and
approaches to eco-production.

The third part discusses ways of improving eco-efficiency by applying tech-
niques of multi-criteria decision making including operations research methods
and the analytic hierarchy method. The chapters in this part present case studies
from the energy sector, public transportation systems and product systems.
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The FEEM Sustainability Index:
An Integrated Tool for Sustainability
Assessment

Carlo Carraro, Lorenza Campagnolo, Fabio Eboli, Silvio Giove,
Elisa Lanzi, Ramiro Parrado, Mehmet Pinar and Elisa Portale

Abstract The FEEM Sustainability Index (FEEM SI) proposes an integrated
methodological approach to quantitatively assess sustainability performance
across countries and over time. Three are the main features of this approach: (1)
the index considers sustainability based on economic, environmental and social
indicators simultaneously; (2) the framework used to compute the indicators, i.e. a
Computable General Equilibrium (CGE) model, allows to generate projections on
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the future evolution of sustainability; and (3) the methodology used for the nor-
malisation and aggregation of the indicators delivers a unique and comprehensive
measure of sustainability. These features along with the multi-regional nature of
the CGE model consent to perform policy evaluations and sustainability assess-
ments for different countries or regions in the world. This chapter offers a meth-
odological overview of the FEEM SI approach. To illustrate the potential of the
methodology for the measurement of sustainability, the chapter also illustrates
results from a climate policy scenario. In the mitigation scenario considered Annex
I and Non-Annex I countries taking action towards climate change achieve the
lower end of the pledges proposed at the 15th UNFCCC Conference of the Parties
in Copenhagen. For countries putting into practice the policy, the environmental
sphere more than offsets the related costs (economic pillar), leading to an overall
improvement in sustainability. At world level, the outcome is positive even though
carbon leakage in countries that are not acting reduces the effectiveness of the
policy and the sustainability performance.

Keywords Sustainability � Composite indicators � Computable general equilib-
rium model � Climate policy

1 Introduction

Sustainable development is a paradigm that considers several aspects of growth in
a comprehensive framework. The Bruntland Report (WCED 1987) defines it as
‘‘development that meets the needs of the present without compromising the
ability of future generations to meet their own needs’’. Two are the main concepts
comprised in this paradigm: (1) the simultaneous achievement of economic, social
and environmental sustainability, and (2) the intra/intergenerational equity.

The most recent evolution of the sustainability debate refers to the analysis
developed by Stiglitz, Sen and Fitoussi (Commission on the Measurement of
Economic Performance and Social Progress 2009). This tries to define more
concretely the concept of sustainable development and clarify the methodological
approaches in this field. The ‘‘Rio ? 20’’ conference (June 2012) assessed the
main achievements in sustainable development in the last 20 years, providing
further guidelines with main focus on the green economy and the effective inte-
gration of sustainable development within all levels of institutional governance.
The outcome of the conference underlined the importance of tracking sustain-
ability, as suggested by the statement that ‘‘progress towards the achievement of
the goals needs to be assessed and accompanied by targets and indicators, while
taking into account different national circumstances, capacities and levels of
development’’ (UN 2012).

A valid tool to measure sustainability is a set of indicators (Parris and Kates
2003; Singh et al. 2009). Thanks to their synthetic properties, indicators are widely
used in policymaking and public communication. Further, substantial efforts have
been devoted to create lists of indicators that address the concept of sustainable
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development in a comprehensive way (United Nations’ Commission on Sustain-
able Development- UNCSD; European Union’s Sustainable Development Strat-
egy—EU SDS; World Bank’s World Development Indicators—WDI). Research
has focused mostly on expanding the sustainability dimensions considered or on
the selection of appropriate indicators. There have also been a few attempts at
aggregating indicators to indices, which are generally focused on a specific area of
sustainability. Many aggregate measures are nowadays used in policymaking and
assessments. Examples are: (1) the HDI—Human Development Index (UNDP
1990), (2) GS—Genuine Savings (Yusuf et al. 1989), (3) the ISEW—Index of
Sustainable Economic Welfare (Daly and Cobb 1989), and (4) the EPI—Envi-
ronmental Performance Index (Yale and Columbia Universities 2010). These
aggregate indices generally focus on one precise aspect of sustainability.

The indicators’ aggregation procedure is a controversial issue. However, an
index built with a transparent aggregation methodology and complementary to its
single components can be very useful for summarising a wide range of informa-
tion. Such an index facilitates policy design, assessment and implementation, and
allows to explore the trade-offs and relationships among indicators.

In this context, the Fondazione Eni Enrico Mattei (FEEM) has been working on
developing a new tool for sustainability assessment—the FEEM Sustainability
Index (FEEM SI)—since 2006.1 A first version was released in 2009 while the
updated structure for its second release (2011) is presented in this chapter. The
index summarises and merges information derived by a selection of relevant
sustainability indicators offering a more comprehensive account of sustainability.

The FEEM SI is an aggregate index composed of a set of indicators that
captures the main elements of sustainable development (socio-economic and
environmental components). The index uses a specific aggregation methodology
that considers the interactions among indicators by relying on subjective experts’
evaluations. As it is built in a recursive-dynamic Computable General Equilibrium
(CGE) model, the FEEM SI can be used to analyse and compare sustainability
across different policy scenarios. This allows including in the analysis the inter-
temporal aspects of sustainability. While the nature of the macroeconomic model
implies some drawbacks (e.g., the absence of indicators disconnected from eco-
nomic activity), the modelling framework provides a coherent context for calcu-
lating indicators with comparability across countries, time and alternative
scenarios.

To illustrate the potential of the methodology to measure sustainability, this
chapter also illustrates results from a climate policy scenario. In the mitigation
scenario considered Annex I and Non-Annex I countries taking action towards
climate change achieve the low pledges proposed at the 15th UNFCCC Confer-
ence of the Parties in Copenhagen (December 2009). The results show that, for
countries putting into practice the policy, the environmental sphere more than

1 The complete overview on methodology and results is available at: www.feemsi.org. See also
Carraro et al. (2012).
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offsets the related costs (economic pillar), leading to an overall improvement in
sustainability performance. At world level, the outcome is positive even though
carbon leakage in countries that are not acting reduces the effectiveness of the
policy and the sustainability outcome.

The structure of the chapter is as follows. Section 2 describes the composition
of the FEEM SI and its indicators. Section 3 presents the CGE approach and the
necessary extensions of both the database and the model to compute the indicators.
Section 4 illustrates the normalisation and aggregation methodology. Section 5
presents the main results for a baseline scenario while Sect. 6 considers the effects
of a climate policy on sustainability. Section 7 concludes.

2 The FEEM SI Structure

The list of indicators included in the FEEM SI has been determined after a
thorough analysis of the sustainable development literature. The selection process
has been further refined to consider only indicators manageable in the framework
of the macroeconomic model used for scenario building. The world coverage
requires data availability for the entire world at country or macro-region scale. The
specific methodology applied to define future sustainability limited the choice to
indicators that can be directly linked to economic measures present in the model.

Figure 1 illustrates the structure of the FEEM SI and includes all indicators
selected for the index construction. Along with the wide definition of sustain-
ability, the structure of the tree considers its three main pillars: economic, social
and environmental. For each of these dimensions, the FEEM SI tree covers the
main areas of sustainability assessment: economic growth drivers, GDP per capita,
economic exposure; population density, well-being, social vulnerability; energy,
air quality, and natural endowments.

Table 6 of Annex I summarises the indicators selection and describes the
indicators, including their affiliation to a particular area of sustainability, defini-
tion, implementation in the model and relevant references to the literature.

3 Modeling Framework

Processing sustainability indicators within the framework of a CGE model has a
number of advantages. One of the main features of CGE models is to consider the
interactions existing within and across productive systems in a consistent frame-
work. This contributes to increase the comparability of the different indicators.
Further, as argued by Böhringer and Löschel (2006), CGE models also allow
performing a trade-off analysis among different components of sustainability. This
feature is especially useful in analysing the effects of a policy implementation. An
intervention in one dimension of sustainability in a specific country will influence
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other aspects of sustainability in that country as well as in other countries. Finally,
when using a dynamic CGE model, it is also possible to make projections of the
indicators and thus perform a scenario analysis of future sustainability under
different policy proposals.

The main difficulty in using a quantitative economic model is to link envi-
ronmental and social indicators to economic variables computed in the model. This
reflects a limited flexibility in defining a full set of indicators. Some of these
indicators, which are not directly connected to specific economic activities, may
play a role in assessing sustainability but can hardly be modelled to depict their
future evolution.

The CGE model used—ICES-SI2—is an ideal framework for the construction
of a policy-oriented sustainability index. The model allows to compute indicators
related to different productive sectors and calculating the index for each region in
the world (either at national or macro-regional level). Furthermore, its dynamic

Fig. 1 FEEM SI 2011 indicators’ tree

2 A detailed description of the model tailored to be used for sustainability indicators is in the
FEEM SI Methodological report (FEEM 2011) and Carraro et al. (2012).
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framework generates scenarios that can be used to calculate the index in the future
under different policy assumptions.

Within the CGE framework, industries are modelled as a representative cost-
minimizing firm with nested production functions in which primary factors and
intermediates are combined to produce the final output. A representative house-
hold in each region receives income, defined as the service value of the national
primary factors (natural resources, land, labour, and capital). Demand for pro-
duction factors and consumption goods can be satisfied either by domestic or
foreign producers that are not perfectly substitutable (Hertel 1997). The dynamic
of the model is driven by two sources: one exogenous and the other endogenous.
The first stems from exogenously imposed growth paths for some key variables
(population, labour stock, labour productivity and land productivity). The second
concerns the endogenous process of capital accumulation, according to which
capital stock is cumulated through time taking into account endogenous invest-
ment decisions.

ICES-SI is based on the GTAP 7 database (Narayanan and Walmsley 2008),
which presents a snapshot of 2004 world economic flows. The world economy is
divided in 40 countries or macro-regions in which countries are at a similar stage
of development or have similar characteristics (see Table 7 in Annex I). Within
each country/macro-region, the economy is represented by 20 sectors (see Table 8
in Annex I). In order to perform the analysis on future sustainability trends
throughout the world, the ICES-SI sectoral details have been enhanced by adding
new variables and equations to the model. This allows increasing its flexibility in
capturing as many as possible dimensions of sustainable development.

A number of indicators are sector-specific in the sense that they refer to their
share of expenditure or production over GDP (i.e. Health or Education expenditure
are used as indicator for the social pillar) or output of a subset of productive
sectors (i.e. Renewables demand over total energy demand). Some sustainability
indicators focus on sectors that are not represented in the original GTAP 7 data-
base. In order to increase the informative purpose of the Index, the original
database has been modified to increase the sectors specification. Research and
Development (R&D), Education, Private and Public Health, and Renewables have
been included in the model using data on trade flows, production and consumption
from different sources (Table 1).3 These new sectors have an endogenous evolu-
tion coherent with the exogenous assumptions on primary factors’ productivity.

Other indicators focus on variables that are not part of the ICES-SI model,
namely use of water, biodiversity, access to electricity and inhabitable land. The
above variables have been linked to the model with additional equations that allow
simulating their future behaviour coherently with the endogenous path of ICES-SI.
Table 2 reports the way in which the new indicators are linked to the model and
main sources for data collection with relation to the base year.

3 These sectors were extracted from more aggregate sectors by using the SplitCom facility
(Horridge 2008) and constructed using data from relevant sources.

14 C. Carraro et al.



The Water sector in GTAP7 refers to infrastructure whose services by agri-
culture, industry and households were used to consider the exploitation of water,
keeping constant the available total renewable water resources in each country.
Biodiversity has been assumed to decline with increases in carbon dioxide emis-
sions. Reducing GDP per capita gap with respect to developed countries allows
reproducing an increase in access to electricity in developing countries. Finally,
growing population raises the pressure over the inhabitable land.

The physical energy flows underlying the database (production, consumption
and trade of energy) and the Kyoto GHG emissions (CO2, CH4, N2O, PFCs, HFCs,
SF6) (Lee 2008; Rose and Lee 2008), are included to consider GHG per capita,
energy intensity and CO2 intensity. They evolve coherently with economic flows.

4 Normalisation and Aggregation Procedure

The output of the ICES-SI model provides the initial values for the indicators that
are then normalised and aggregated. The idea of having comparable indicators and
one index to assess the overall level of sustainability, across countries and time,
requires two main steps.

Table 1 Additional sectors for FEEM SI

New sector Original GTAP7 sector Main reference sources

R&D ‘‘Other business services’’ World Bank (2010a)
Education/private health/

public health
‘‘Other generative

services’’
World Bank (2010b), WHO (2010)

Renewables ‘‘Electricity’’ IEA (2005), EC (2008), Ragwitz et al.
(2007), GTZ (2009), IEA country
profiles, REN21 (2011) renewable
energy policy network for the 21st
century (www.ren21.net)

Table 2 Additional sectors for FEEM SI

New indicator Model variable link Main reference sources

Water Water services demand by
agriculture, industry and
households

FAO’s aquastat database

Biodiversity CO2 emissions World conservation union IUCN
(2010), Thomas et al. (2004)

Electricity access GDP per capita IEA (2010), World Bank (2010b)
Inhabitable land Population FAO (2011); FAO and IIASA (2000)

The FEEM Sustainability Index: An Integrated Tool for Sustainability Assessment 15
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To begin with, it is necessary to express all indicators, characterised by different
measure units, in a common measurement scale. According to the OECD’s
Handbook on constructing composite indicators (2008), ‘‘normalisation is required
prior to any data aggregation as the indicators in a data set often have different
measurement units’’. Several normalisation techniques exist in literature. The
FEEM SI normalisation method uses a mixed strategy. First, a re-scaling proce-
dure is applied to all indicators to obtain values in the range [0, 1], where 0 defines
extremely unsustainable and 1 fully sustainable performance. Second, a step-wise
benchmarking function is defined for each indicator in order to consider inter-
mediate levels of performance.

The use of a benchmarking procedure is appropriate in the case of indicators for
which a policy target or a minimum/maximum threshold exists for the extremely
unsustainable or fully sustainable levels for the indicators respectively. This
method allows comparison through time and across countries, whilst supplying a
policy-based normalisation, which is particularly suitable for the construction of
the FEEM Sustainability Index. Rather than subtracting mean and dividing each
indicator by its standard deviation, we supply a benchmark for sustainable targets.
Therefore, our index aims for absolute sustainable level of each indicator and
country rather than their relative positions to the highest or lowest levels of each
indicator. Since the purpose of creating a sustainability index is not only to identify
best and worst practices, but also to give an appraisal of the relative distance to the
sustainable target, the FEEM SI indicators are normalised according to a bench-
mark function, which passes through five reference levels.4

To avoid the discontinuity of a step function, each level has been ‘‘linearised’’
taking the mean values of two subsequent intervals and interpolating them, thereby
creating a continuous step function (Fig. 2). The intervals are defined considering
both relevant literature and official statistics to derive the most appropriate
benchmarks for each indicator.

When all indicators are expressed in the [0,1] range through normalization, the
next step is the aggregation of all indicators in one general index. This is a three-
stage procedure considering: (1) evaluation elicitation, (2) aggregation of single
preferences in a representative profile of weights, and (3) index computation
combining weights and normalised indicators.

The first stage is the definition of weights to be associated to each indicator. To
this purpose, an experts’ elicitation with an ‘‘ad hoc’’ questionnaire is performed.
The questionnaire is prepared in such a way that experts were asked to evaluate all
possible scenarios of the indicators being at their best or worst levels, i.e. all the
combinations of BEST and WORST values, as well as how they would evaluate
intermediate conditions. Firstly, they are asked to evaluate all possible conditions
when only one sustainability indicator is completely sustainable (i.e., best), but the
remaining ones are completely unsustainable (i.e., worst). Secondly, they are asked

4 The complete description of the normalization and benchmarking procedure as well as the
benchmark selection is in Chap. 3 of the FEEM SI Methodological report (FEEM 2011).
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to evaluate all possible combinations when two sustainability indicators are
completely sustainable (i.e., best) and the remaining one is completely unsus-
tainable (i.e., worst). Similar types of questions allow evaluating the indicators
located under each node in the decision tree.

In the second stage, a non-linear aggregation methodology is applied to
aggregate divergences in respondents and to compute a consensus measure. This
allows to derive a ‘representative’ weight assigned to each sustainability indicator
and tree’s node, relying upon the metric distance measure (i.e., if the evaluation of
an expert is in agreement with other experts, then this expert’s valuation gets
higher weight. Thus, if an expert’s valuation of sustainability indicators is extre-
mely different from other experts, a relatively lower weight is assigned to this type
of expert valuation).

The third stage concerns the aggregation of indicators, combining normalised
indicators’ values and their weights created in the previous step. The aggregated
Sustainability Index is constructed through a non-linear aggregation methodology,
the Choquet integral, which accounts for the possible interactions among sus-
tainability indicators (see Murofushi and Soneda 1993; Murofushi et al. 1994;
Grabisch 1995, 1996; Marichal and Roubens 2000; Grabisch et al. 2003 for the
detailed Choquet integral aggregation procedure and its characteristics).5 For the
aggregation, the decision tree should be read from bottom (leaves) to top (final
node) and the tree respects the three main pillar structure which is quite standard in
most sustainability studies (see e.g., UN CSD 2005; Global Reporting Initiative
framework, GRI 2006, 2010; Krajnc and Glavic 2005), with the final node pro-
ducing the aggregate index. Finally, economic, social and environmental

Fig. 2 The benchmarking function

5 See Meyer and Ponthière (2011) for a recent application of the Choquet integral to construct a
ranking of multiattribute hypothetical societies by eliciting individual preferences on different
dimensions of living conditions.
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sustainability levels for each country are obtained and those are aggregated to
obtain the final FEEM SI values.

This approach gives an innovative direction to the current literature on
aggregate indicators. For example in a recent review, Singh et al. (2009) sum-
marises forty-one sustainability indicators and majority of those indices are either
aggregated through equal weight assignment (e.g., Environmental Sustainability
Index, Human Development Index, Sustainability Performance Index, etc.) or
weights given by experts (e.g., Index of Environmental Friendliness) to each
sustainability indicator. However, none of those indices allows for the interactions
between different sustainability indicators. In other words, those aggregation
methodologies do not account for synergies or redundancies when indicators are
aggregated. In the construction of FEEM SI, the Choquet integral aggregation is
able to address specifically the inter-relations across indicators, thus overcoming
the limitations of other aggregation methodologies.

In addition, the questionnaire tailored to elicit experts’ evaluations of the sus-
tainability indicators also releases important key characteristics where one can
obtain information about the experts’ attitude towards the sustainability concept.
For example, one of the key aspects that can be derived through the Choquet
integral is the ‘‘andness’’ degree. An ‘‘andness’’ degree close to 1 indicates that the
decision maker tends to be non-compensative, meaning that she/he would not
accept that a good performance in one indicator compensates for a negative one in
another. On the contrary, an ‘‘andness’’ degree close to 0 indicates that the decision
maker is satisfied even if only one indicator is at ‘‘best’’ level. Given the nature of
the problem at hand, it seems more likely that decision makers evaluating the
hierarchical structure of the FEEM SI tree should be more inclined towards
‘‘andness’’, as sustainability implicitly requires a balanced development across its
different components.6

5 Baseline Scenario and Sustainability

The framework described in the previous sections has been applied to a baseline
scenario for the period 2005–2020, which gives insights on the evolution of overall
sustainability as well as its pillars in a no policy scenario. This scenario is used as
reference to analyse the effect of alternative policy scenarios. The baseline sce-
nario replicates the historical trends of main economic variables in the period
2004–2009 and then reproduces an intermediate growth level scenario. The main
sources of exogenous dynamic are presented in Table 3. In order to create this
scenario the baseline is built according to a set of exogenous drivers, mainly
population, labour stock and land productivity. Additional variables such as labour

6 For a detailed description of the aggregation procedure see Cruciani et al. (2012).
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productivity and total factor productivity are then calibrated to replicate the
selected reference GDP growth rate.7

The FEEM SI and its indicators are then calculated for each country/macro-
region and for each year until 2020. The map (Fig. 3) represents the global picture
for the world in 2011. As expected, the most developed countries show higher
sustainability than less developed ones. This is mainly explained with the good
performances of rich countries in the social pillar.

Figure 4 compares the scores of each pillar (economic, social and environ-
mental) and the aggregate index for the best and worst countries. The scores for the
top-three countries are similarly high in the three main components of

Fig. 3 World map of sustainability in 2011

Table 3 Main variables and reference sources in the baseline scenario

Variable Reference source

Population UN world population prospect (2010 revision)—medium fertility variant
Fossil fuel prices Eurelectric (2011)
GDP 2005–2009 = WDI World Bank (2010a)

2010–2020 = MMC_G10 scenario med pop—medium growth—fast
convergence (Conv) developed within the RoSE projecta ? IMF (2010)
for downscaling at country level

Energy intensity 2005–2009 = IEA (2010)
2010–2020 = endogenous

CO2 emissions 2005–2009 = IEA (2010)
2010–2020 = endogenous

Public debt IMF (2010)

a ‘‘RoSE—Roadmaps towards Sustainable Energy Futures: A Model-Based Assessment of
Scenarios for Decarbonising the Energy System in the twenty first Century’’. Germany

7 The baseline calibration and validation is detailed in Chap. 5 of the FEEM SI Methodological
report (FEEM 2011).
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sustainability. Norway is at the top of the ranking with the highest scores for the
social and environmental components. Switzerland is second with a slightly higher
economic performance but lower social welfare. Sweden performs slightly less
than Norway in all dimensions. Looking at the bottom-three countries, the com-
ponents are very unequally distributed. Indonesia has a higher value for the
environmental dimension than the other two regions. On the other side, China has
the highest score in the values of economic and social pillars, while reaching the
lowest score in the environmental one. Finally, India reaches the lowest levels in
the score of economic and social pillars.

Table 4 illustrates the position of the 40 countries/macro-regions in 2011 and
2020, as well as the changes in the ranking. The results illustrate that no dramatic
changes occur in the period under consideration. Benelux (+7 positions from 2011
to 2020), Germany (+5) and Italy (+3) benefit the highest advancements in the
sustainability ranking; conversely, United States (-6) and Russia (-5) downgrade
mostly, along with a reduction in their overall level of sustainability, since their
economic growth determines a significant deterioration of the environmental pillar.

The purpose of a Sustainability Index is to consider economic, social and
environmental indicators simultaneously and offer additional and more complete
information for welfare assessment beyond what GDP per capita can do. Figure 5
sketches the correlation between GDP p.c. and the FEEM SI. On average, the
higher the GDP p.c., the higher the value of FEEM SI. However, the sustainability

Top three countries in 2011
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Fig. 4 FEEM SI and sustainability pillars for the top and bottom countries
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Table 4 World sustainability ranking (2020 with respect to 2011)

Rank 2011 Country FEEM SI 2011 D Rank FEEM SI 2020 Country Rank 2020

1 Norway 0.82 = 0.85 Norway 1
2 Sweden 0.77 = 0.81 Sweden 2
3 Switzerland 0.70 -1 0.74 Austria 3
4 Austria 0.69 1 0.70 Switzerland 4
5 Finland 0.66 = 0.68 Finland 5
6 Denmark 0.65 = 0.68 Denmark 6
7 Canada 0.64 = 0.67 Canada 7
8 France 0.63 = 0.65 France 8
9 Ireland 0.62 -1 0.63 New Zealand 9

10 New Zealand 0.61 1 0.62 Ireland 10
11 USA 0.55 -6 0.58 Germany 11
12 Australia 0.55 = 0.58 Australia 12
13 Brazil 0.55 -2 0.56 Benelux 13
14 UK 0.53 = 0.55 UK 14
15 RoEurope 0.53 -1 0.54 Brazil 15
16 Germany 0.53 5 0.54 RoEurope 16
17 Portugal 0.52 -2 0.53 USA 17
18 RoLA 0.51 = 0.53 RoLA 18
19 Spain 0.50 -2 0.53 Portugal 19
20 Benelux 0.50 7 0.51 RoEU 20
21 Russia 0.49 -5 0.50 Spain 21
22 RoEU 0.49 2 0.50 Italy 22
23 Mexico 0.49 -2 0.49 Korea 23
24 Korea 0.48 1 0.49 Japan 24
25 Italy 0.47 3 0.48 Mexico 25
26 Japan 0.46 2 0.48 Russia 26
27 Turkey 0.45 = 0.48 Turkey 27
28 MiddleEast 0.45 = 0.47 MiddleEast 28
29 Poland 0.43 = 0.44 Poland 29
30 SouthAfrica 0.43 = 0.43 SouthAfrica 30
31 Greece 0.40 = 0.43 Greece 31
32 RoAfrica 0.40 = 0.40 RoAfrica 32
33 RoWorld 0.39 = 0.39 RoWorld 33
34 SEastAsia 0.37 = 0.36 SEastAsia 34
35 RoFSU 0.37 = 0.36 RoFSU 35
36 NorthAfrica 0.34 = 0.34 NorthAfrica 36
37 RoAsia 0.33 = 0.34 RoAsia 37
38 Indonesia 0.30 -1 0.32 China 38
39 China 0.29 1 0.32 Indonesia 39
40 India 0.24 = 0.29 India 40
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performance of countries with similar GDP p.c., such as Benelux and Sweden, can
be very different.

Differences emerge in comparing the ranking of GDP p.c. and of the FEEM SI.
For example, USA and Australia, with the 2nd and 4th highest GDP p.c. in the
world respectively, are only at 11th and 12th positions according to the FEEM SI
ranking. This is due to the low performance in environmental sustainability not
compensated by the good economic and social performance. Other rich countries
are significantly worse off when looking at FEEM SI value, such as Japan, Italy
and Greece, while Sweden, Finland, France have the reverse relationship (FEEM
SI makes them better off than GDP ranking). A stronger relation between GDP p.c.
and FEEM SI rankings characterises the 10 bottom countries; a low GDP p.c. is
normally associated to a low overall sustainability performance. Nevertheless, the
other indicators considered in the FEEM SI skew the GDP p.c. ranking. For
instance, India (38th according to GDP p.c.) becomes the worst performer (40th
according to FEEM SI) because of its poor performance in social and environ-
mental sustainability. Conversely, the Rest of Africa (RoAfrica) benefits from the
relatively good environmental performance connected to the relatively low
importance of energy-intensive industry.

6 The Effect of Climate Policy on Sustainability

Climate change is one of the main challenges for humankind in this century.
Designing and implementing an effective climate policy offers a valid option to
deal with this phenomenon. Nevertheless, curbing CO2 emissions implies eco-
nomic costs that often discourage a binding commitment in this field. The FEEM
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SI, reflecting the broad concept of sustainability, allows analysing the benefits of a
climate policy in a more comprehensive way.

The analysis focuses on a mitigation scenario in which Annex I and Non-Annex I
countries taking action towards climate change achieve the low pledges proposed at
the 15th UNFCCC Conference of the Parties in Copenhagen (December 2009). All
countries implement a unilateral emission reduction through a carbon tax or a carbon
intensity target (China and India). The only exception is represented by EU27, whose
Member States are allowed trading emission permits among them (but not with the
rest of the world) replicating the Emission Trading Scheme in force since 2005. For
sake of simplicity, the policy only refers to CO2 emissions and is applied uniformly to
all productive sectors. Table 5 reports the Copenhagen targets, and percentage
change in both baseline and policy case for leading countries.

Looking at the main aggregates in Table 5, Annex I countries, which in the
baseline scenario increase emissions in 2020 by 21 % with respect to 1990, reduce
their emission levels by 10 % in the policy scenario. Non Annex I countries also
contribute to the policy since their emissions grow less than in the baseline (289
vs. 317 %). The Rest of the World, with no commitments, increases its emissions

Table 5 CO2 emissions growth and reduction targets in 2020 with respect to 1990

Region Baseline CO2 growth (%) CO2 target (%) Policy scenario CO2 growth (%)

Annex I—Leading Regions
Australia 62 13 13
New Zealand 102 -10 -10
Japan 21 -25 -25
EU27 2 -20 -20
USA 36 -3 -3
Canada 26 3 3
Switzerland 15 -20 -20
Norway 32 -30 -30
Russia 9 -15 -15
Turkeya 123 – 191
Non-annex I—leading regions
Korea (Rep. of) 207 115 115
Chinab 376 – 375
Indiab 367 – 357
Indonesia 335 222 222
Mexico 108 46 46
Brazil 279 142 142
South Africa 83 20 20
Annex I 21 -12 -10
Non-annex I 317 289 289
Rest of the World 115 – 155
WORLD 94 – 75
a Annex I country with no target
b China and India’s targets are originally stated in terms of carbon intensity reduction with
respect to 2005
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from 115 to 155 %. At world level, emissions after the mitigation policy are lower
than in the baseline scenario, growing 75 % instead of 94 %.

Figure 6 shows the implications of the climate policy for sustainability and
mitigation costs of several aggregates. In EU27, Poland and RoEU display the
main GDP losses, but also the highest improvement in sustainability. These two
countries contribute more than the others to the EU abatement, given their low
mitigation costs. Benelux also has a significant economic loss, but in this case the
impact on sustainability is negligible. Germany, Sweden and Ireland show an
increase in sustainability at very low cost, given the already good environmental
performance. Among other Annex I countries, the highest costs are undertaken by
Russia and New Zealand.

The related positive impact on sustainability is differentiated: high for New
Zealand but quite low for Russia. USA, Australia and Canada have a significant
increase in sustainability with low economic loss, meaning once again that the
initial stage of technological development matters. Turkey not having any com-
mitment would experience an improvement of economic conditions, but with a
substantial reduction in its sustainability due to the increased environmental
degradation.

Almost all Non-Annex I countries show important economic costs to achieve
their own targets (especially Mexico, Brazil and Korea). Indonesia has the
strongest increase in sustainability. India earns in GDP terms but with a drop in
sustainability, while China has a negligible loss with no impact on sustainability.
In both cases the economic result depends on lack of stringency of the target
(almost achieved in the baseline). Overall, costs are higher for Non-Annex I than
for Annex I countries. Rest of the World macro-regions are all better off with
respect of GDP since they do not have any emissions target and can increase their
output due to the carbon leakage effect; but at the same time their sustainability
decreases due to environment degradation.

The implication of the climate policy for sustainability at world level by pillar
is depicted in Fig. 7. The overall sustainability declines less than in the baseline
scenario. The downward trend is justified by the significant decrease in the social
pillar (as in the baseline), almost unaffected by climate policy. However, the
increase in the environmental pillar more than compensates the decline in the
economic pillar after 2015, when the policy becomes more costly. The mitigation
policy improves world sustainability. Moreover, this positive result could be
stronger if a higher number of signatories committed to an emission reduction
target, reducing the carbon leakage effect.

7 Conclusions

This chapter presented a methodological tool for sustainability measurement built
in a CGE model: the FEEM SI. Most policy-makers and stakeholders recognise the
importance to go beyond the economic dimension in measuring sustainable
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development. While many highlight the opportunity to change the development
pattern through qualitative approaches, there is an increasing interest in quanti-
fying the level of sustainable development.

The FEEM SI summarises a set of indicators reflecting the main aspects of
sustainability. It uses a normalisation procedure based on re-scaling and bench-
marking to reconcile all indicators to a common scale. The indicators’ aggregation
requires the elicitation of experts’ evaluations through an ‘‘ad hoc’’ questionnaire
in order to derive weights, and a non-linear aggregation procedure of weights and
indicators values.

The FEEM SI offers projections on the trend of countries’ sustainability across
the world in the next future and allows considering different scenarios besides the
current situation. This requires the use of a recursive-dynamic CGE model as basic
framework for the index in which the overall coherence is guaranteed by economic
interrelations among countries.

The FEEM SI results show a heterogeneous situation, in which advanced
economies have a satisfying level of sustainability while developing countries still
show a significant gap. Looking in detail at the determinants of this result, it
emerges that a high performance in each sustainability dimension is a necessary
condition to reach the overall sustainability.

In the baseline scenario, world sustainability slightly decreases mainly due to a
significant reduction in the economic and social components. In the climate policy
scenario, sustainability in signatory countries increases since the costs and the
subsequent reduction in economic performance are more than offset by the
improvement of the state of environment. Both mitigation effectiveness and sus-
tainability at world level can be seriously compromised because of carbon leakage.
These results suggest that a higher level of sustainability could be achieved if a
higher number of signatories committed to an emission reduction target.
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Table 7 Regional aggregation

No. Macro-Regions Countries

1 Australia Australia
2 NewZealand New Zealand
3 Japan Japan
4 Korea Korea
5 China China, Hong Kong, Taiwan
6 India India
7 Indonesia Indonesia
8 SEastAsia Malaysia, Philippines, Singapore, Thailand, Vietnam
9 RoAsia Afghanistan, Bangladesh, Bhutan, Brunei Darassalam, Cambodia,

Democratic Republic of Korea, Lao People’s Democratic
Republic, Macau, Maldives, Mongolia, Myanmar, Nepal,
Pakistan, Sri Lanka, Timor East

10 USA USA
11 Canada Canada
12 Mexico Mexico
13 Brazil Brazil
14 RoLA Argentina, Bolivia, Chile, Colombia, Ecuador, Paraguay, Peru,

Uruguay, Venezuela, Falkland Islands (Malvinas), French Guiana,
Guyana, Suriname, Costa Rica, Guatemala, Nicaragua, Panama,
Belize, El Salvador, Honduras, Saint Vincent and the Grenadines,
Trinidad and Tobago, Turks and Caicos, Anguilla, Antigua &
Barbuda, Aruba, Bahamas, Barbados, Cayman Islands, Cuba,
Dominica, Dominican Republic, Grenada, Guadeloupe, Haiti,
Jamaica, Martinique, Montserrat, Netherlands Antilles, Puerto
Rico, Saint Kitts and Nevis, Saint Lucia, Virgin Islands (British),
Virgin Islands (U.S.)

15 Austria Austria
16 Benelux Belgium, Luxembourg, Netherlands
17 Denmark Denmark
18 Finland Finland
19 France France
20 Germany Germany
21 Greece Greece
22 Ireland Ireland
23 Italy Italy
24 Poland Poland
25 Portugal Portugal
26 Spain Spain
27 Sweden Sweden
28 UK UK
29 RoEU Cyprus, Czech Republic, Estonia, Hungary, Latvia, Lithuania, Malta,

Slovakia, Slovenia, Bulgaria, Romania
30 Switzerland Switzerland
31 Norway Norway
32 RoEurope Albania, Andorra, Bosnia and Herzegovina, Croatia, Faroe Islands,

Gibraltar, Iceland, Liechtenstein, Macedonia, the former Yugoslav
Republic of, Monaco, San Marino, Serbia and Montenegro

(continued)
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Table 7 (continued)

No. Macro-Regions Countries

33 Russia Russia
34 RoFSU Belarus, Ukraine, Moldova, Republic of, Kazakhstan, Kyrgyzstan,

Tajikistan, Turkmenistan, Uzbekistan, Armenia, Azerbaijan,
Georgia

35 Turkey Turkey
36 MiddleEast Bahrain, Islamic Republic of Iran, Iraq, Israel, Jordan, Kuwait,

Lebanon, Occupied Palestinian Territory, Oman, Qatar, Saudi
Arabia, Syrian Arab Republic, United Arab Emirates, Yemen

37 NorthAfrica Algeria, Egypt, Libyan Arab Jamahiriya, Morocco, Tunisia
38 RoAfrica Angola, Benin, Botswana, Burkina Faso, Burundi, Cameroon, Cape

Verde, Central African Republic, Chad, Comoros, Congo,
Democratic Republic of the Congo, Cote d’Ivoire, Djibouti,
Equatorial Guinea, Eritrea, Ethiopia, Gabon, Gambia, Ghana,
Guinea, Guinea-Bissau, Kenya, Lesotho, Liberia, Madagascar,
Malawi, Mali, Mauritania, Mauritius, Mayotte, Mozambique,
Niger, Nigeria, Reunion, Rwanda, Saint Helena, Sao Tome and
Principe, Senegal, Seychelles, Sierra Leone, Somalia, Sudan,
Swaziland, Tanzania, Togo, Uganda, Zambia, Zimbabwe

39 SouthAfrica SouthAfrica
40 RoWorld American Samoa, Cook Islands, Fiji, French Polynesia, Guam,

Kiribati, Marshall Islands, Micronesia, Federated States of, Nauru,
New Caledonia, Norfolk Island, Northern Mariana Islands, Niue,
Palau, Papua New Guinea, Samoa, Solomon Islands, Tokelau,
Tonga, Tuvalu, Vanuatu, Island of Wallis and Futuna, Bermuda,
Greenland, Saint Pierre and Miquelon

Table 8 Sectoral
aggregation

No Sectors

1 Food
2 Forestry
3 Fishing
4 Coal
5 Oil
6 Gas
7 Petroleum products
8 Other electricity
9 Renewables

10 Nuclear
11 Biofuels
12 Energy intensive industries
13 Other industries
14 Water
15 Market services
16 Public services
17 R&D
18 Education
19 Private health
20 Public health
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Abstract In the last 20 years, from the Rio Summit, has been a growing concern
for global sustainability in all sectors of society. The business organizations do not
escape this trend and seek more sustainable ways to generate value. This phe-
nomenon has been driven primarily by the associated legislation arising from the
need to conserve natural resources and reduce impacts across economic, social and
environmental dimensions, associated with organizations performance. This
research proposes a structured approach for sustainability performance evaluation
trough Corporate Index of Sustainability Performance (CISP) in Cuban organi-
zations, combining different tools like: ISO 14031, Sustainability Reporting
Guidelines of Global Reporting Initiative, Balanced Scorecard and muticriteria
methods. Also is exposed the design of a web application that enable the man-
agement, storage and integration of sustainability indicators and CISP calculus for
assessing the business sustainability performance. Were used, as study case; four
small power plants of distributed generation in electric sector of Villa Clara, Cuba.
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1 Introduction

Since 1987, the definition of Sustainable Development has been appreciated in the
international arena, in all sectors of the economy, awareness related sustainability.
This phenomenon has been driven primarily by the associated legislation arising
from the need to conserve natural resources and reduce impacts across economic,
social and environmental dimensions, associated with organizations performance.

In recent years have been arising different business reporting models that guide
companies to understand, demonstrate, communicate, report and improve their
sustainability performance, such as, Eco-Management and Audit Schema, Inter-
national Standard Organization (ISO 14000 series) and Global Reporting Initiative
(GRI).

However, in Cuba, gaps remains in relation to corporate sustainability perfor-
mance measurements and evaluation; as internal management process that helps
organizations select, collect, integrate and evaluate sustainability indicators. These
indicators should respond to the policies, strategies and goals of the organizations
according to their business area; providing key information for the corporate
sustainability decision making process.

The main goal of this research is propose a structured approach to make
operative the sustainability performance measurement and evaluation process in
Cuban organizations, combining different tools like: ISO 14031, Sustainability
Reporting Guidelines of Global Reporting Initiative, Balanced Scorecard one of
the most popular managerial tools, that link performance measurement to strategy,
using a multidimensional set of financial and non-financial performance metrics
(Bonacchi and Rinaldi 2007) and Analytic Hierarchy Process (AHP) and Analytic
Network Process (ANP), the most used multi-criteria decision-making methods in
the last 20 years.

The chapter presents an effective contribution in sustainability performance
measurement and evaluation process, making it operational through a Corporate
Index of Sustainability Performance (CISP). The CISP is a numerical and
descriptive categorization of a large amount of information, in order to simplify
evidence contained in triple bottom line indicators.

The literature showed a strong tendency to composite index construction in
environmental and sustainability areas (Puolamaa et al. 1996; Cherchye and
Khuosmanen 2002; Chiang and Lai 2002; Damjan and Glavic 2005; Castellanos-
Abella and Van Westen 2007; Gómez-Limón and Riesgo 2008; Blanc et al. 2008;
Sellito et al. 2010; Broche-Fernández and Ramos-Gómez 2010) but mechanisms
are lacking in order to measure and evaluate corporate sustainability performance
in objectives terms, focusing on a single numerical index. It could offer decision
makers condensed information for progress evaluation and benchmarking com-
parisons, and make decision making more quantitative, empirically grounded, and
systematic (Esty et al. 2005) and helps organizations to illustrate progress and
setbacks in relation to organizational sustainability performance and identify the
critical areas.
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Information Technology can play an important role in sustainability manage-
ment, specifically in the evaluation of sustainability performance. A practical
contribution is exposed, a web application that enable the management, storage
and integration of sustainable indicators; the basis for assessing the corporate
sustainability of organizations and support the CISP outcome.

The web application allows the generation of reports from the stored information
and provides CISP analysis, which aims to determine the level of compliance with
the efforts of management regarding sustainability goals defined. The web appli-
cation makes use of various computer technologies such as MySQL as database
manager, Zend Framework of PHP, Propel Object Relational Mapping (ORM) and
Business Intelligence and Reporting Tools (BIRT) for report generation. The chapter
presents the study case results in four electric power plants in Cuba.

2 Corporate Sustainability

The concept of corporate sustainability (CS) has therefore grown in recognition
and importance because the organizations are trying to balance their performance
among economic, environmental and social domains. The traditional organiza-
tional performance measurement related shareholder point of view, has change
dramatically in the last 20 years; according Hubbard (2009) a more stakeholder-
based view has gradually come to prevail; bringing a multidimensional perfor-
mance measurement system, distributed over different fields and stakeholders
interest.

Many definitions have been developed in the literature in relation with cor-
porate sustainability. This effort responds to companies necessities to bring Sus-
tainable Development concept into strategies and daily business activities.

CS refers the incorporation of the triple bottom line objectives into company’s
operational practices; is a multidimensional concept which includes: business
strategies, financial returns, costumer’s satisfaction, stakeholder’s interests, inter-
nal process and human factor. Sustainability goals are often broad and to assess
performance, organizations must focus on specific issues or areas of priority
(Epstein and Marie-Josée 2001). Other concept outlines how the leaders achieve
their business goals by gearing their strategies and management to harness the
market’s potential for sustainability products and services while at the same time
successfully reducing and avoiding sustainability costs and risks (Knoepfel 2001).

According Schaltegger and Burritt (2005) CS is a broad approach that includes
various characteristics, in particular relating to the contextual integration of eco-
nomic, environmental and social aspects’’.

Esterhuyse (2008) define CS as multi-objective concept which includes the
following aspects:

Strategy: integrating long-term economic, environmental and social aspects in
their business strategies while maintaining global competitiveness and brand
reputation.
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Financial: meeting shareholder demands for sound financial returns, long-term
economic growth, open communications and transparent financial results.

Customer and Products: fostering loyalty by investing in customer and supplier
relationship management products and service innovation that focuses on tech-
nologies and practices which use financial, natural and social resources in an
efficient, effective and economic manner over the long term.

Governance and stakeholder: setting the highest standards of Corporate Gov-
ernance and stakeholder engagement, including corporate codes of conduct and
public reporting.

Human factor: managing human resources to maintain workforce capabilities
and employee satisfaction through best-in-class organizational learning, knowl-
edge management, practices, remuneration and benefit progress.

The correct interrelationship and correspondence among these elements and an
appropriated sustainability performance system should enable organizations to
generate a long-term economic growth based in costumers’ satisfaction with
products and services, reinforcing stakeholder’s engagement with a motivated
human capital assuring long-term sustainability business success.

Corporate sustainability requires that management improves corporate eco-
nomic performance through voluntary, proactive environmental and social activ-
ities (Schaltegger and Burritt 2005). According to Kates et al. (2001), the purpose
of sustainability assessment is provide decision-makers an evaluation of global to
local integrated nature–society systems in short- and long-term perspectives in
order to assist them to determine which actions should or should not be taken in an
attempt to make society sustainable.

3 Corporate Sustainability Indicators

The business have a big responsibility in the transition process to sustainable
development. The business managers should find ways and tools for balance the
organizations performance in different dimensions. Tracking their performance in
triple-bottom-line, permits evaluate the pertinence of corporate sustainability goals
defined and identify gaps and critical points. The legal requirements identification
plays an important role in setting goals process, regulatory compliance could serve
as first’s help for sustainability goal definitions. Other important issue in this
challenge is: bring on board the stakeholders interest.

In the last 15 years, more than a hundred standards and management solutions
were developed to evaluate and report the economic, social, environmental and
sustainability performance of companies like ISO, Advisory Group on Corporate
Social Responsibility (Perrini and Tencati 2006). The diversity of existing
frameworks could appear as business strength to achieve more sustainable busi-
ness. Despite this phenomenon has introduce confusion in organizations in relation
of >how to measure progress in corporate sustainability?, >which tools should be
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used?, >which indicators or metrics are better? When these questions are analyzed,
one element could be considered common in the three cases: ‘‘indicators’’.

The importance of indicators for measuring business performance has been
widely used by managers. Metrics often establish the implementation framework
of organizational strategy and enhance the understanding that value could be
created.

Sustainable development indicators and composite indicators are considered to
be a good vehicle in helping to measure sustainable development and progress
achieved in it (UNCSD 2012).

A composite indicator is the compilation of individual indicators into a single
index, on the basis of an underlying model of the multidimensional concept that is
been measured.

A metric or indicator, to be effective, must be a verifiable measure and must be
based on a well understood and documented process. Moreover, it must have
reference points, developed internally or externally, that can act as absolute
standards (Purba et al. 2006).

In organizations, indicators can be used:

(1) to evaluate and control the performance of resources
(2) to communicate performance to external as well as internal stakeholders
(3) to suggest improvement by identifying gaps that require intervention and

improvement.

The indicators facilitate the measurement of sustainability performance and
enable the evaluation of main impacts. They provide information for the compi-
lation of the data that needs to be collected based on the regulations and legisla-
tion. Thus, the sustainability indicators provide information for communicating
with the stakeholders and the authorities (Wessman and Pihkola 2009).

Despite the indices developed, there is still no useful method for integrated
sustainability assessment on the company level available. Although the common
principle to aggregate indicators for assessment of the company has gained accep-
tance, it has also become evident that methods for the aggregation of indicators are
either not sufficiently well established yet, or are under development, or are not
available with respect to all the sustainability aspects (Statistics Finland 2003).

For that reason many organizations are trying to develop new and exhaustive
sustainability measurement systems to tracking their business sustainability goals.
Currently there is no single, universally accepted definition or assessment metrics
for sustainable development. There are no internationally agreed sustainable
development indicators that would help monitor progress (UNCSD 2012).
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4 Tools for Environmental and Sustainability Performance
Measurement

In the last 20 years, had been developed different reporting models around the
world, related environmental and sustainability performance. These reporting
models had the finality to help tracking environmental and sustainability strategies
at all levels.

4.1 Business Reporting Models

4.1.1 ISO 14031

The ISO 14031 refers to the organizational environmental performance evaluation
(EPE) as a process and internal management tool, designed to provide direction
continuously reliable and verifiable information to determine if the environmental
performance of an organization is complying with the criteria established by the
managers. This International Standard supports the requirements of ISO 14001 and
the guidance given in ISO 14004, but can also be used independently. ISO 14031
provides guidance on the design and use of environmental performance evaluation
within an organization. It describes two broad categories of EPE indicators:

1. Environmental Performance Indicators (EPI): specific expressions that provide
information about the environmental performance of an organization.

2. Environmental Condition Indicators (ECI): provide information on the envi-
ronmental condition. This information can help an organization to understand
the actual or potential impact of its environmental aspects, and thus support the
planning and implementation of the EPE.

ISO 14031permit the inclusion of stakeholders interest in business management
and economic performance associated environmental protection.

4.1.2 Global Reporting Initiative

The GRI is a reporting framework that intended to serve as a generally accepted
framework for reporting on an organization’s economic, environmental, and social
performance. It is designed for use by organizations of any size, sector, or location.
This pattern is for voluntary use by organizations desiring to report on the triple
bottom line impacts of their activities, products and services. The GRI sets out
principles and specific content to help guide the development of sustainability
reporting at the organizational level. In this way, it helps the institutions to present
a ‘‘balance’’ and reasonable picture of their economic, environmental and social
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comparison promotes memory and facilitates interaction and communication with
a big range of stakeholders.

GRI include the following elements in a report that complements and only
draws selectively from the financial statements:

• Vision and strategy.
• Profile.
• Governance structure and management systems.
• Performance indicators.

GRI measures the elements of business sustainability that have not been
addressed before, such as product reparability, activities in developing countries
and community technology transfer, among others. In addition, GRI addresses key
issues of global concern, such as greenhouse gas emissions, persistent organic
pollutants, and the gap between developed and developing countries.

4.2 Balanced Scorecard

The Balanced Scorecard (BSC) is one of the most influential management ideas of
the past 20 years. This measurement system was proposed, the first time in 1992 in
the article The Balance Scorecard––Measures that Drive Performance written by
Robert S. Kaplan and David P. Norton and published in the Harvard Business
Review.

The evaluation of an organization must not be restricted to traditional financial
evaluation rather it should be complemented with measures related to the satis-
faction of costumers, internal processes and the capability to innovate. These
additional measures should guarantee the financial companies future and lead the
company toward their strategic goals while it maintains these four perspectives
equilibrated and balanced (Kaplan and Norton 2000).

Several authors have approached how the traditional balanced scorecard can
contribute to the sustainable development, defining the Sustainability Balanced
Scorecard (SBSC) it is develop for the ‘‘Business Case’’, where the environmental
and social topics are used to generate economic value, without committing future
generations.

A SBSC is a type of BSC specifically designed to reflect the issues and
objectives of corporate sustainability. In order to clarify appropriate sustainability
strategies and translate them into action, it is generally recommended that man-
agers first design a separate SBSC. This must then be integrated into the traditional
BSC in order to ensure a holistic view of sustainability. This process will help to
overcome the distinction between a traditional financially oriented management
approach and emphasizing sustainability or environmental management concerns
(Figge et al. 2002).

According to Gminder (2005) the SBSC is based on the traditional BSC, but
provides a broader scope, integrating the three dimensions of sustainability. So, it
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has a different content and possibly a different structure (‘‘architecture’’). In
addition to the four perspectives of the traditional BSC, it is possible to include a
fifth perspective in order to explicitly address stakeholder issues. Another defini-
tion was given for Bieker (2003), which outlines that the SBSC can help to detect
important environmental and social strategic objectives in the company, in a
strategic business unit or department, illustrating the causal relationships, among
the intangible factors and the finances of the company.

The inclusion into SBSC of stakeholders’ interest is very important according to
Kaplan and Norton (1996) ‘‘All stakeholder interests, when they are vital for the
success of the business unit’s strategy, can be incorporated in a Balanced Score-
card’’, for that reason a different architecture is shown in the Fig. 1.

The stakeholders’ perspective permits: (1) list the main interest parts of the
business who can affect the value chain, (2) the inclusion into the core manage-
ment of the business of key topics and concerns that have been raised, and (3) how
the organization responds to those key topics. The social and cultural perspective
allows addressed important issues difficult to integrate into a traditional BSC
without compromising the functional idea proposed masterfully by Kaplan and
Norton (e.g. public policy, anticompetitive behavior, corruption, cultural respect to
the community or region and others can be included).

The SBSC allows making a balance between past- and future-oriented, quan-
titative and non-quantitative, financial and nonfinancial information (Schaltegger

Goals
Indicators
Objectives
Tasks

Goals
Indicators
Objectives
Tasks

Goals
Indicators
Objectives
Tasks

Goals
Indicators
Objectives
Tasks

Fig. 1 Sustainability Balanced Scorecard enhanced by stakeholder’s perspective [Source:
adaptation of (Figge et al. 2002)]
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and Dyllick 2002) and include the triple bottom line into the core management of
the business. Contemplate the acting of the organization from fives possible per-
spectives: Learning and Growth, Internal Process, Stakeholders, Financial and
Social and Cultural.

Figge et al. (2002) suggest three alternatives to include sustainability issues in
the BSC.

1. Integrating social and environmental measures within the existing four quad-
rants: for example, water use and energy efficiency could fall within internal
processes; developing renewable, recyclable resources could be a financial
measure or a long-term development target.

2. Developing a separate, but linked, sustainability scorecard, perhaps modeled on
the templates that are emerging in corporate sustainability reports: for example,
there could be social and environmental quadrants for energy use, waste,
community impact, employee well-being and so forth.

3. Adding non-market elements to the scorecard: for example, adding environ-
mental and social measures as separate ‘quadrants’ or ‘spokes on the perfor-
mance wheel’.

The SBSC supports the management processes which are necessary to deal with
these challenges. SBSC facilitates the development in an active way, of a new
dynamic control in organizations impelling the coordination and the comple-
mentarities among the different areas of the company and allowing the sustain-
ability strategy of the business. The SBSC is considered as a sustainability strategic
management system and can be used to manage the CS strategy of the business.

4.3 Analytical Hierarchy Process and Analytic Network
Process

The Analytic Hierarchy Process (AHP) is a multicriteria decision technique, which
was developed by Saaty (1980). AHP is a tool that combines qualitative and
quantitative factors in the selection process and is used to prioritize issues in a
complex situation where several factors are involved. This method allows the
quantification of the relative priority of each alternative on a scale, which
emphasizes the importance of intuitive decision-makers and the consistency of
their judgments to make comparisons between the various alternatives. According
to San-José Lombera and Cuadrado Rojo (2010) provide a flexible analysis and
easy to understand complex problems using a hierarchical structure and provides
decision-makers a strong basis for decision-making process.

The AHP compares the criteria as scale or intensity couples preference Saaty
which varies from a value of 1 indicates equal preference for both criteria and the
value 9 means that a criterion is extremely more important than the other. With the
results of pairwise comparison the decision matrix is built. In recent years several
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investigations have shown preference for certain attributes above or below other
when the information provided is not complete. The field of environmental
engineering and sustainability have not escaped this preference, some examples of
the application of AHP in these areas can be observed (Tao and Hung 2003;
Damjan and Glavic 2005; Castellanos-Abella and Van Westen 2007; Gómez-
Limón and Riesgo 2008; San-José Lombera and Cuadrado Rojo 2010).

According to Hernández et al. (2010) the AHP is a multicriteria decision
method most referenced in the literature over the past 20 years. Others like Her-
mansa et al. (2008) argue that this has been one of the most used techniques for
assessing the weights of environmental indicators using as examples: Indoor
Environment Index (Chiang and Lai 2002) and Environmental Friendliness
(Puolamaa et al. 1996). Also Saaty (2003) argue that the sustainability indicators
weights are generally obtained using the decision method AHP.

Despite the wide acceptance of the AHP in the construction of indices, this
gives an unrealistic view of natural phenomena that sometimes tend to be more
complex, with a greater number of relationships converting the model into a
complex structure.

The Analytic Network Process (ANP), was developed by Saaty in 1996, it
provides a tool to deal with decisions without assuming the independence of the
elements of different levels and the independence of the elements in different
levels. The ANP extended AHP method for problems with dependence and
feedback among criteria using the approach of the super-matrix (Saaty 1996).
According to Hernández (2010), ANP does not obey the axiom of independence of
influence between criteria or alternatives.

The structure of the decision notes that the ANP use the networks without the
need to specify levels (Saaty and Saaty 2003). As in the AHP, the domination or
influence the relative importance of a central concept, the widely publicized theory
multi-criteria AHP is a special case of the ANP.

The ANP is composed of two parts:

1. Control of hierarchy or network objectives and criteria that control the inter-
actions of the system under study.

2. Many subnets of influences between all elements and groups of the problem,
one for each control criteria.

The difference between a hierarchy and a network is visible. Hierarchy shows a
linear structure from top to bottom without dependency ratios lower to higher
levels. The ANP has a network structure that allows the analysis of dependence
among elements of the model, which make it more powerful in uncertain situations
and let the problem analyzed closer to reality.

ANP is supported by SuperDecisions software, developed and coordinated by
Saaty, that facilitates the calculation process and it is available on: http://
www.SuperDecisions.com.
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4.4 Composite Index

Sustainability problems cannot be analyzed or understood if are not considers an
integral perspective, they are the results of multiple interacting factors. Scientists
are interested in statistically usable data and maybe not in aggregate data, while
business managers require aggregate data, which give an idea of goals and criteria
fulfillment. Others like the stakeholders prefer rates and it’s allow the company do
not give operation system details on itself, but expose a picture of their
performance.

The index offers decision makers condensed information for performance
monitoring, policy progress evaluation, benchmarking comparisons, and decision
making (Esty et al. 2005). The indexes are an aggregation of statistics and/or
indicators, which often summarized a lot of related information, using an orga-
nized method of weighting, scale, and normalization, adding multiple variables
into a single summary.

The main objectives of sustainability indexes aggregation are:

• Summarize the existing data related to sustainability issues.
• Communicate information about the sustainability performance.
• Comparability in a period of time.

The literature show a strong tendency to composite index construction a
examples can be seen in Puolamaa et al. (1996), Cherchye and Khuosmanen
(2002), Chiang and Lai (2002), Damjan and Glavic (2005), Castellanos-Abella and
Van Westen (2007), Gómez-Limón and Riesgo (2008), Blanc et al. (2008) all
those in environmental and sustainability areas.

In Cuba nowadays can be appreciated lack of mechanisms for environmental
and sustainability performance measurement in terms of business objectives,
focusing on a single numerical index widely accepted by companies.

Some business approaches have been studied in recent years in Latin America
like Ramos and Melo (2006) which make use of questionnaires and evaluations to
determine a composite index of environmental performance. The investigation of
Broche-Fernández and Ramos-Gómez (2010) is based on an analysis of organi-
zational environmental performance, this include the determination of a compre-
hensive assessment indicator that takes into account a total of ten variables that are
evaluated qualitatively using a numerical equivalent scale, which is recognized as
a limiting factor in this proposal.

Another approach can be seen in the research of Sellito et al. (2010) they
propose and apply a method for measuring environmental performance. The main
objective is capture, with integrated indicators, the complexity involved in envi-
ronmental systems and how this manifests itself systemically. To do this, divide
the environmental impact of the operation, in five subsystems, attributing relative
importance and describing the overall impact and process indicators that are
evaluated by experts through the Likert scale. Subsequently combine the indicators
into a global index which varies between 0 and 100 %.
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The main limitation of this model is that it is supports only but expert’s
judgments as opposed to measures that rely on physical measurements of field
variables or mathematical models, which are used as measurements for the cal-
culation of the indicators (Sellito et al. 2010).

For the construction of composite index, are require different steps like: the
selection of indicators, homogenization, standardization, weighting and aggregation.

Selection: The decision process of the indicators that comprise the aggregate
index.

Homogenization: these step convert the selected indicators of ‘‘different nature’’
to the same criteria either maximize or minimize.

Normalization: the indicators contained in the index, are distributed on different
categories, and is needed a common unit or equivalent among them. Some of the
most used methods in the literature for standardization or normalization are:
Z-score, linear normalization, min–max normalization and others as fuzzy logic.

Weighting: process to determine and assign the relative importance of indica-
tors, based on expert’s judgments.

Aggregation: summary of the information in a single value, using mathematical
formulas to get the desired index.

5 Research Methodology

According to Lakatos and Marconi (1986), the problem of the research relates to
the analysis of a topic or knowledge gap that still has no solution. In this case the
scientific problem was identified: the lack of procedures in Cuba for sustainability
assessment, to integrate consistent indicators related the needs of company man-
agement. The sustainability performance evaluation should be supplemented with
outcomes measures to determine what’s policies, strategies and targets are effec-
tive. The research method was mixed that combines qualitative and quantitative
survey of data.

To perform the investigation, was first used, a qualitative survey. The collection
of data pointed to a theoretical study of performance evaluation process and best
practices in business.

The energy issue has been a priority of the Cuban government since the triumph
of the Revolution, increasing the generation of 56–94.2 % in the period between
1959 and 1989. In 2004 the energy situation in Cuba was becoming critical by the
combination of several factors, and distributed generation turned out to be the big
decision to take to resolve the difficult energy situation.

In mid-2004 arise the ‘‘Program for energy efficiency in generation,’’ the main
goal was implement a strategy that would bring generation to consumption,
reducing the dependence of large thermal plants, and promoting increased effi-
ciency and the incorporation of gas plants. This program increased the installed
generating capacity in the country by 22 %, an in-crease in fuel consumption of
only 4 % and reduction of greenhouse gas emissions in 69 %.
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The introduction of DG in Cuba, since 2004, has generated benefits such as
increased energy efficiency, decentralized generation, reduced transmission losses
and greenhouse gas emissions. Despite these power plants cause a range of neg-
ative environmental impacts on the environment as emissions of greenhouse gases,
high levels of noise, emissions, liquid waste, among others that are of great interest
to stakeholders.

For the application of sustainability performance evaluation procedure, the
energy sector was chosen, specially the distributed generation power plants
(DGPP) belonging to the province of Villa Clara, Cuba. The DG is defined
according Ackermann et al. (2001) as electric power generation units connected
directly to the distribution network or connected to the network on the customer
site of the meter.

The primary data collection was through interviews with managers to clarify
the principal business strategies, group work to identify sustainability aspects and
principals impacts; to select the sustainability indicators in order to evaluate de
business performance.

The second phase of research was the implementation of the evaluation process
through the sustainability performance evaluation procedure. These phase sup-
ports the quantitative survey, the indicators values collection, identify causal
relationships among proposed metrics and the weighting process with ANP and
AHP. Finally with the calculated values of CISP in each power plant, the com-
parison process was done. The interpretation and validation of results was
accomplished by the experts group, allowing quantify the business sustainability
performance and identify critical points in the performance of the studied SPP.

6 Information Technology Supporting Business
Sustainability

Information technology (IT) can play an important role in sustainability man-
agement, specifically in sustainability performance evaluation. Some examples of
the potential of IT include the collection of data on inputs and outputs of different
processes, processing and storage of large volumes of data and dissemination of
information to different stakeholders (Page and Rautenstauch 2001).

The web applications can facilitate information and data management of sus-
tainability performance evaluation process. The principals’ benefits of web
applications are:

• Increased accessibility and quality of data.
• Decreased coordination efforts and time optimization.
• Reduced time for manual processing of data from different reports.
• Homogeneous structure of the data.
• Eliminate data redundancy.
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In recent years, there have been a different techniques and frameworks to
facilitate the development of dynamic web applications, which can play a decisive
role in the development of these applications to support the data generated by
organizations performance.

In Cuba organizational information related sustainability becomes difficult to
collect, the best results are in the field of environmental statistics in government
official reports. Business answers to key questions such as: What to measure? How
to measure? When measured? left without a clear answer for many organizations,
showing difficulties to obtain regular information.

Other problem is the information storage and availability, the lack of infor-
mation technology support on sustainability performance evaluation. In recent
years it has been an important issue, despite in Cuban business sector hasn’t been
covered properly and inclusiveness found limitations in their research, practical
application from the IT perspective.

7 Methodological Contribution

The contribution of this research comes to solve the previously exposed lack of
procedures in Cuba for sustainability performance evaluation, for that reason was
considered the necessity to combine a methodological approach for sustainability
assessment, due to the lacks of tools that make operative in Cuban organizations.
The procedure proposed is shown in the Fig. 2.

The procedure has an initial phase ‘‘Organization and strategic analysis’’,
where the study is organized and clarified the principal’s strategies of the orga-
nization. In a second phase ‘‘Business process inventory’’ represent principals
processes to identify the inputs and outputs of the processes and identify the main
triple bottom line problems associated with the organization. At this stage should
be spelled out the main aspects and associated impacts. In phase three ‘‘Sustain-
ability indicators selection’’ is made an initial selection by the experts of different
indicators based on the significant triple bottom line impacts. Subsequently are
distributed these indicators in four perspectives of a Sustainability Balanced
Scorecard (Fig. 2), which represent different areas of key organizational results.

In this phase should be documented the indicators selected and defined with the
following attributes:

• Name of indicator: Describes a synthetic and clear the purpose of the indicator.
• Type: in that group will be rated the indicator: economic, environment or social.
• Process of the company it is associated with: specify the business processes that

relate either directly or indirectly, with the indicator.
• Person responsible: employee charged with taking measurements and updates

the indicator.
• Unit of measurement: units in which the indicator will be expressed.
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• Frequency of measurement: indicates the frequency to measure each of the
variables involved.

• Strategic objective: to which replies will be referred to the business strategic
objective of the company or business unit.

• Calculation Method: mathematical representation of the indicator.
• Goals: targets for the indicator in the short, medium and long term.
• Relations with other indicators: should specify relationships with other indi-

cators and the nature of the relationship (direct or indirect).

After defined sustainability indicators and spent the time needed to collect a firs
indicators set proceeds to step four.

Phase four, proposed the calculation of Corporate Index of Sustainability
Performance (see Fig. 3).

The CISP is distributed over three clusters: (1) dimensions, perspectives
e indicators synthesizing at a rate, the progress or degeneration in corporate sus-
tainability performance, to verify in a simple and continuous way, if the man-
agement efforts, administrative management tools and employees training translate
into a better or worse business performance.

Fig. 2 Procedure for sustainability performance evaluation
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The CISP is based on the three dimensions of indicators defined in the triple
bottom line, and distributed in the perspectives of the SBSC and it can be expressed
by formula 1.

CISP ¼
Xj¼4

j¼1

Xi¼n

i¼1

WpjWiijRij ð1Þ

CISP Corporate Index of Sustainability Performance.
Wpj The relative weight of the perspective j.
Wiij The relative weight of the indicator i in the perspective j.
Rij Rate or normalized value of the indicator i of the perspective j.

To calculate the index, are determined the weight of each perspective and
indicator in each perspective. Weights determination was using multicriteria
methods like Analytic Hierarchy Process, Analytic Network Process and the
software SuperDecisions. The normalization of the indicators can be done through
the formula 2.

Rij ¼
xij

max xij

� � if xij satisfies the condition‘‘more is better’’
1 if xij�max xij

� �
‘‘more is better’’

min xijf g
xijf g

if xij satisfies the condition ‘‘less is better’’
1 ifxij�min xij

� �
‘‘less is better’’
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Fig. 3 Corporate index of sustainability performance
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Rij Rate or normalized value of the indicator i of the perspective j.
xij value of the indicator to normalize:
i number of the perspective: of 1 at 4.
j number of the indicator: of 1 to n.

The procedure defines four sub-indexes (see formula 3) that match with the four
perspectives of SBSC and they will allow illustrate the indicators behavior in the
perspective.

PIj ¼
Xi¼n

i¼1

WiijRij ð3Þ

PIj Sub-index of the perspective j.
Wiij Relative weight of indicators i in the perspective j.
Rij Normalized value of the indicative i of the perspective j.

This sub-indexes allows express the individual performance of each set of
indicators in the perspectives of the SBSC.

Other concept is introduced in this phase ‘‘improvement potential’’ (see
formula 4), it has the objective to identify the most influents indicators in relation
with the CISP.

Improvment Potentialij ¼ Wpj �Wiij � 1� Rij

� �
ð4Þ

In the last phase ‘‘Review and improvement’’ the value of the CISP is compared
versus the scale of sustainability performance evaluation (Table 1).

The main objective of this scale is to provide qualitative meaning to the
numerical results of the CISP. The preparation of the scale was conducted by
experts group with specialists, based on several scenarios of the index and the nine
points that divide the Saaty scale for AHP and ANP multicriteria methods in

Table 1 Proposed sustainability performance evaluation scale

Saaty Range Evaluation level

9 0.95 B CISP B 1 Very well: the business sustainability performance is adjusted very
well to the goals defined in the organizational strategies

7–8 0.85 B CISP \ 0.95 Well: the business sustainability performance is adjusted well to the
goals defined with some possibilities of improvement

5–6 0.75 B CISP \ 0.85 Regular: the business sustainability performance is adjusted regular
to the sustainability goals and has significant improvements
potentials

3–4 0.65 B CISP \ 0.75 Deficient: is deficient with respect to sustainability goals defined by
the organization and has several opportunities for improvement

1–2 0.65 \ CISP Poor: the business sustainability performance is bad regarding the
defined sustainability goals and has large opportunities of
improvements
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relation to priorities set. The lower limit was set as 0.65 taking into account the
normalization method, where the values are ordered separate from the value lea-
der, the goal.

The interpretation must be consistent with the goals and the proposed scope and
results. The validity of the data used must be verified by the expert’s group.

CISP analysis and its sub-indexes can help to identify the critical points in the
sustainability performance, allowing managers refocus organizational efforts
towards the worst indicators.

Other important stage in this phase is ‘‘Report and communicate’’, this stage
intend to provide information and communicate sustainability performance to
managers and stakeholders. Also at this stage should be prepared a report with the
main results of the procedure application, to help the organization and stakeholders
to understand business performance.

8 Application Design

Based on the analysis of the proposed procedure for sustainability performance
evaluation, is defined, technology, architecture, and database that support the Web
application System for Sustainability Performance Evaluation (SySPE). The main
objective of SySPE is support the indicators data acquisition, data storage,
aggregation process and graphic representation and report generation. SySPE has
three main modules (Fig. 4).

The architecture of SySPE can be observed in ‘‘Fig. 5’’. To design the SySPE
database, were considered important elements that should be considered in the
design as:

• Sustainability strategies • Eco-balances • Process
• Sustainability indicators • Impacts • Risks
• Actions • Perspectives

The design of SySPE is based on the class diagram (Fig. 6).

8.1 Technologies

The technologies used for application development were:

• MySQL GUI v8.82: were used the database manager to support the storage of
data related to the application.

• Propel Object Relational Mapping: eliminates incompatibilities between the
relational database language and object-oriented programming. Converting the
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database schema XML in data objects. Making possible to access and manip-
ulate objects without considering how they are related in correspondence to the
data source.

• Zend Framework: is responsible for controlling access to the database, imple-
ment Model View Controller architectural pattern, achieving modularizes the
application, to reuse code and make use of several user interfaces.

• Eclipse: is used as an integrated development environment for developing open
source application platform SySPE. This platform has typically been used to
develop integrated development environments.

• Ext JS: This is a JavaScript library for developing interactive web applications
using technologies such as AJAX, DHTML and DOM. It has a set of compo-
nents to include in a web application, such as boxes and text areas, fields for
dates, numeric fields, combos, HTML editor, toolbar, Windows-style menus and
panels divisible into sections.

• XAMPP: is used as server platform-independent, free software, which consists
mainly of the MySQL database, Apache web server and interpreters for
scripting languages: PHP and Perl. The program is licensed under the GNU web
server acts as a free, easy to use and capable of interpreting dynamic pages.

• Business Intelligence and Reporting Tools (BIRT): is a project of open source
software that provides capabilities for reporting and business intelligence for

Fig. 4 Modules for SySPE application
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web applications. BIRT also includes a graphics engine that is built into the
report designer and can also be used separately to include graphics in an
application.

The main window of SySPE, can be observed (Fig. 7) with all the principals
elements in the menu, that will be handled by the application.

9 Study Case

The study case was carried out in four distributed generation power plants. The
first phase set the experts group and serves to define the scope, clarify the sus-
tainability strategies and politicians, to set priorities in the next phases. The second
phase helps to characterize and familiarize with the generation process and
identify main sustainability aspects and impacts.

Taking like base the previous phases, the strategies, the politicians and impacts
where selected initially a total of 27 indicators, contained in triple bottom line
dimensions.

These indicators were grouped into the four perspectives of SBSC and ordered
to assess what should be included in order of importance, limiting the number of
indicators selected by five at most, per perspective. Table 2 shows the indicators
for each perspective remained as assessed by the expert group.

Fig. 5 Architecture of SySPE
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Fig. 6 SySPE class diagram

Fig. 7 Main window of SySPE application
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Were identified relationships among the indicators that finally were selected,
the causal relationship map of indicators can be observed in Fig. 8. This map helps
experts in indicators weighting process.

For the CISP calculation were emitted the experts judgments in the different
levels. The first judgments are related to triple bottom line dimensions importance

Table 2 Final selected indicators by perspectives

Perspectives Indicators

Financial F1 Generation cost ($/MW)
F2 Investment in triple bottom line ($/year)
F3 Cost related triple bottom line ($/year)
F4 Fines

Stakeholders S1 Number of environmental incidents
S2 Average deficiencies per audit
S3 Regulatory compliance (%)
S4 Stakeholders complaints
S5 Stakeholder’s satisfaction (%)

Internal process IP1 Fuel specific consumption (gr/kWh)
IP2 Generated muds and residual waters (m3)
IP3 Water consumption per kW (m3/MW)
IP4 Noise levels (dB)
IP5 Greenhouse gas emissions (CO2 e)

Learning and
growth

LG1 Number of employees with environmental requirements in the
description of their jobs

LG2 Business sustainability improvement solutions generated by workers
LG3 Surveys results of employees about their knowledge related

sustainability issues in the organization (%)
LG4 Average hours of training per employee (h/semester)

LG1 LG2 LG3 LG4

IP1 IP2 IP3 IP4 IP5

F1 F2 F3 F4

S1 S2 S3 S4 S5

Financial

Stakeholders

Internal
Process

Learning 
& Growth

Direct relation
Indirect relation

Fig. 8 Indicators causal relationships
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Table 3 Dimensions expert’s judgments

I = 0.015 Economic Environmental Social Vector

Economic 1 0.33 0.5 0.17
Environmental 3 1 1 0.44
Social 2 1 1 0.39

Table 4 Judgments made about the importance of dimensions on each perspective

Financial Stakeholders I. Process Learning Vector

I = 0.09
Economic

Financial 1 2 0.25 0.33 0.12
Stakeholders 0.5 1 0.25 0.25 0.08
I. Process 4 4 1 4 0.55
Learning 3 4 0.25 1 0.25

I = 0.05
Environment Financial 1 0.33 0.5 2 0.17

Stakeholders 3 1 2 2 0.42
I. Process 2 0.5 1 2 0.27
Learning 0.5 0.5 0.5 1 0.14

I = 0.05
Social Financial 1 0.5 0.33 0.33 0.10

Stakeholders 2 1 0.33 0.33 0.14
I. Process 3 3 1 3 0.48
Learning 3 3 0.33 1 0.28

Table 5 Perspectives interactions by expert’s judgments

Financial Stakeholders I. Process Learning Vector

I = 0.04
Financial
Stakeholders 1 3 5 0.64
I. Process 0.33 1 3 0.26
Learning 0.2 0.33 1 0.10

I = 0.01
Financial 1 2 3 0.55
Stakeholders
I. Process 0.5 1 1 0.24
Learning 0.33 1 1 0.21

I = 0.04
Financial 1 0.2 0.167 0.08
Stakeholders 5 1 1 0.44
I. Process
Learning 6 1 1 0.47

I = 0.04
Financial 1 3 0.33 0.27
Stakeholders 0.33 1 0.25 0.61
I. Process 3 4 1 0.12
Learning
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(Table 3) using ANP. In all the cases should keep in mind the inconsistency (I) of
the judgments which must be less than 10 %.

Similarly the judgments were emitted related the influence of three dimensions
on each perspective (Table 4), in this case answers the question: How important
are dimensions in the different perspectives?

The judgments related perspectives interaction were analyzed and emitted (see
Table 5).

The relative importance of indicators on the perspectives, were calculated (see
Table 6).

Based in the causal relationships defined (Fig. 8), the importance of depen-
dency among different indicators were emitted by the experts judgments (see
Table 7).

Table 6 Internal indicators dependency on each perspective by expert’s judgment

0.09 F1 F2 F3 F4 Vector 0.08 S1 S2 S3 S4 S5 Vector
F1 1 2 0.5 3 0,29 S1 1 0.33 0.25 2 0.33 0.09
F2 0.5 1 0.33 0.33 0.11 S2 3 1 0.5 3 0.25 0.17
F3 2 3 1 3 0.43 S3 4 2 1 3 2 0.35
F4 0.33 3 0.33 1 0.17 S4 0.5 0.33 0.33 1 0.33 0.07

S5 3 4 0.5 3 1 0.31

0.07 LG1 LG2 LG3 LG4 Vector 0.08 IP1 IP2 IP3 IP4 IP5 Vector
LG1 1 3 0.25 0.33 0.14 IP1 1 4 1 7 3 0.38
LG2 0.33 1 0.2 0.25 0.07 IP2 0.25 1 0.33 3 1 0.12
LG3 4 5 1 0.5 0.35 IP3 1 3 1 5 2 0.31
LG4 3 4 2 1 0.44 IP4 0.14 0.33 0.2 1 2 0.08

IP5 0.33 1 0.5 0.5 1 0.10

Table 7 External indicators dependency by expert’s judgment

I = 0 IP3 IP5 Vector I = 0 S2 S3 Vector
LG4 IP3 1 4 0.8 IP4 S2 1 0.25 0.2

IP5 0.25 1 0.2 S3 4 1 0.8
I = 0 IP2 IP5 Vector I = 0 F3 F4 Vector
LG3 IP2 1 3 0.75 IP4 F3 1 0.33 0.25

IP5 0.33 1 0.25 F4 3 1 0.75
I = 0 S1 S2 Vector I = 0 S1 S3 Vector
LG2 S1 1 3 0.75 IP2 S1 1 0.2 0.167

S2 0.33 1 0.25 S3 5 1 0.833
I = 0 F2 F4 Vector I = 0 F3 F4 Vector
S5 F2 1 0.33 0.25 S3 F3 1 0.25 0.2

F4 3 1 0.75 F4 4 1 0.8
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Table 8 Finals weights calculated by SuperDecisions software
WpF = 0.24 WpS = 0.29 WpIP = 0.26 WpLG = 0.21

Financial F1 0.01 Stakeholders S1 0.07 Internal
process

IP1 0.015 Learning and
growth

LG1 0.143

F2 0.066 S2 0.002 IP2 0.399 LG2 0.071

F3 0.214 S3 0.654 IP3 0.361 LG3 0.357

F4 0.71 S4 0.001 IP4 0.003 LG4 0.429

S5 0.273 IP5 0.222

Table 9 Normalized indicators values of four DGPP

DGPP1 DGPP2 DGPP3 DGPP4

PIF F1 0.8 0.99 0.88 1
F2 0.8 1 1 1
F3 0.8 0.88 0.9 0.93
F4 0.71 1 1 1

PIS S1 0.71 1 1 1
S2 0.43 1 0.71 1
S3 0.89 0.91 0.89 0.91
S4 1 0.71 1 0.71
S5 0.75 0.88 0.85 0.94

PIIP IP1 0.99 1 0.99 0.8
IP2 0.82 0.86 0.76 0.9
IP3 0.9 0.85 0.82 0.84
IP4 0.76 0.81 0.77 0.88
IP5 0.99 0.99 0.98 0.99

PILG LG1 0.81 0.8 1 1
LG2 0.43 0.71 0.43 0.43
LG3 0.83 0.93 0.84 0.91
LG4 0.85 0.93 0.9 1
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Fig. 9 CISP indexes of four
DGPP
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All these judgments are introduced in SuperDecision software to synthetize the
final weights trough the weighted super-matrix construction. The weighted super-
matrix its form by the local priority vectors been multiplied times the cluster
weights. The software gave as results the follow weights (see Table 8).

The first measures of indicators set for the four DGPP normalized by the
formula 2 can be observed (see Table 9).

The CISP was calculated for the four DGPP using formula 1, with the weights
of perspectives e indicators and normalized values (see Fig. 9).

Proceeded to compare and evaluate sustainability performance. Being the first
time calculated the CISP and being the DGPP similar, comparisons were estab-
lished among indexes.

Using sustainability performance evaluation scale defined in Table 1, were
evaluated: DGPP1 regular, DGPP2, DGPP3 and DGPP4 were evaluated well,
although in all cases, a broader scope for improvement sustainability performance
exists. For one more deep analysis are introduced indicators improvement
potentials (Fig. 10) to identify which indicators affect more the CISP.

Fuel

Diesel

Fig. 10 Improvement
potentials of indicators
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In DGPP1, the weaknesses identified were the fines (F4), regulatory compliance
(S3) and muds and residual waters (IP2). In DGPP2 the main problems are related
to S3, P2 and water consumption per kW (IP3).

In relation with DGPP3, indicators of regulatory compliance, water consump-
tion and residual waters have the greatest potential for improvement and DGPP4,
the indicators with more improvement potential are: IP2, S3, IP3 and Business
sustainability improvement solutions generated by workers (LG2).

10 Conclusions

The proposed procedure allows evaluate the business sustainability performance,
establishing a line of action to select, collect, analyze, integrate and evaluate
corporate indicators trough the triple bottom line.

The application of the procedure in four DGPP permitted proving its feasibility
of implementation as a methodological tool to evaluate sustainability performance
and identify critical issues and opportunities for improvement allowing the busi-
ness to refocus efforts on the major issues.

The CISP facilitate a comprehensive evaluation process of corporate sustain-
ability performance. The calculation of the CISP in four power plants helps to
indicate the level of overall compliance related the sustainability goals defined for
each indicator, identify indicators of highest importance to the business and make
explicit the improvements potentials of each indicators. It also provides a
benchmarking among the distributed generation power plants of this research.

The integration of different information technologies for SySPE application
design, demonstrating the potential role of information technologies in sustain-
ability performance evaluation. SySPE support the procedure and provides a
valuable tool to support the storage, retrieval and integration of different indica-
tors, facilitating the calculation and graphical representation of CISP and
improvement potentials. Resolving one of the shortcomings of business sustain-
ability performance evaluation, the support on tools.
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Abstract Current trends of indicators-based sustainability evaluation (i.e.,
measurement of environmental, social, economic and governance performance)
and corporate sustainability reporting are discussed in the chapter focusing on the
agriculture sector. From the perspective of agricultural policy, there are two broad
decisions to be made: which indicators to recommend and promote to farmers, and
which indicators to collect to assist in agriculture policy-making. We introduce
several general approaches for indicators to be collected which will assist in
policy-making (European Union, the Organization for Economic Cooperation and
Development and Food and Agriculture Organization of the United Nations) in the
first part of our chapter and, given the differences in decision-making problems
faced by these sets of decision makers. We continue in the second part of chapter
with indicators to recommend and promote to farmers in the European Union.
Those sets of indicators are likely to differ substantially, potentially with little or
no overlap between indicators for regional, national or international decision-
makers or for assistance in policy-making. The relationship between environ-
mental and sustainability indicators and corporate sustainability reporting is an
important issue; and the possibility of the utilization of information and commu-
nication technology and XBRL taxonomy is discussed here.
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Zemědělská 1, 613 00 Brno, Czech Republic

M. G. Erechtchoukova et al. (eds.), Sustainability Appraisal: Quantitative Methods
and Mathematical Techniques for Environmental Performance Evaluation,
EcoProduction, DOI: 10.1007/978-3-642-32081-1_4,
� Springer-Verlag Berlin Heidelberg 2013

63



1 Introduction

Sustainable development indicators are indicators that measure progress made in
sustainable growth and development of organizations, regions and countries or the
sector of economic activity. They can provide an early warning, sounding the
alarm in time to prevent economic, social and environmental damage. They are
also important tools to communicate ideas of sustainable development. Indicators
for monitoring progress towards sustainable development are needed in order to
assist decision-makers and policy-makers at all levels and to increase focus on
sustainable development. From about the seventies of the 20th century it has
become obvious that economic development is dependent and limited by natural
resources which have been recognised to be exhaustible and damageable, therefore
beyond the commonly used economic indicators of well-being, social, environ-
mental and institutional indicators have to be taken into account as well to arrive at
a broader, more complete picture of societal development. The need to address
these issues in an integrated manner was firstly recognized at the United Nations
Conference on Environment and Development (UNCED) in 1992.

A core set of 58 indicators and methodology sheets have been available for all
countries to use since 1995. This core set was adopted by the United Nations
Commission on Sustainable Development (CSD) at its Third Session in April 1995
(EEA Glossary 2012). The third, revised set of CSD indicators was finalized in
2006 by a group of experts from developing and developed countries and inter-
national organizations. The revised edition contains 96 indicators, including a
subset of 50 core indicators. The guidelines on indicators (UN DESA 2007) and
their detailed methodology sheets are now available as reference for all countries
to develop national indicators of sustainable development. However, there is only
a small subset of CSD indicators (e.g., Carbon dioxide emissions; Land degra-
dation; Arable and permanent crop land area; Fertilizer use efficiency; Use of
agricultural pesticides; Area under organic farming; Water use intensity by eco-
nomic activity; Wastewater treatment; Fragmentation of habitats; Vulnerable
employment, by sex; Labour productivity and Unit labour costs; Intensity of
energy use, total and by economic activity; Generation of waste) focusing mainly
on the agriculture sector. Therefore, CSD indicators do not cover complex issues
of ‘‘sustainability indicators’’ in the agriculture sector.

We have to analyse further information sources and the definition of ‘‘sus-
tainability indicators’’ in the research project No P403/11/2085 ‘‘Construction of
Methods for Multi-factorial Assessment of Company Complex Performance in
Selected Sectors’’ (Hřebíček et al. 2011, 2012; Kocmanová and Dočekalová 2012)
and the ‘‘Methodology of evaluation of crop production systems sustainability for
the conditions in the Czech Republic’’ (Křen et al. 2011), solved by authors of this
chapter.

In recent years, the concept of ‘‘sustainability indicators’’ has become promi-
nent also in agricultural science. The idea is that particular characteristics of
resources and agrosystem management are monitored and recorded, with the
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intention that this information serves as an aid for decision-making by farmers and/
or policy- makers on local, regional level, national or international level. Many
sustainability indicators for the agriculture sector have been proposed (Binder
et al. 2010; Bockstaller et al. 2009; Felice et al. 2012; Gómez-Limón and Sanchez-
Fernandez 2010; Hřebíček et al. 2012; Křen et al. 2011; Pannell and Glenn 2000;
Payraudeau and van der Werf 2005; Roth 2010; Singh et al. 2009). Environmental
effects of agriculture originate on the level of single farms, therefore tools for
optimisation on this level are also needed. The development started in the nineties
of the 20th century and there are about 150 methods for farm level sustainability
assessment documented today (Rosnoblet et al. 2006). One of the first activities in
this issue was done within the Research Network on Integrated and Ecological
Arable Farming Systems for EU and associated countries, where 25 research
teams from 15 European countries participated (Vereijken 1994). The aim of this
project was to provide farmers and advisors in agriculture with tools for contin-
uous improvement of farm performance regarding its environmental effects,
resources consumption and sustaining its productivity. In the recent years there are
attempts to finalise the assessment process by granting farms a certificate (label)
(DLG 2012) to provide them with an advantage for communication with business
partners and the public.

The effects of agriculture on the environment are being created by the indi-
vidual farms, it is therefore necessary to optimize the tools at the level of indi-
vidual farms.

From the different position of national or international decision-makers are
viewed indicators in international forums as essential for the transition towards
global sustainable development Moldan et al.(2012). For example we can mention
the indicators proposed by the European Union (EU) (CEC 2006, 2009) and the
European Environment Agency (EEA) (EEA 2012; Martin et al. 2012; Stanners
et al. 2007), furthermore, the Food and Agriculture Organization of the United
Nations (FAO) (FAO 1996, 2003, 2012), the Organisation for Economic Coop-
eration and Development (OECD) (OECD 1997, 2006, 2008a, b, 2010, 2012), and
the World Commission on Environment and Development (WCED) in (WCED
1987), etc. The concept of global sustainability apparently has great appeal with
regard to environmental and resource management, yet its applicability in practical
decision-making is hampered by the ambiguity of its meaning, and the multiplicity
of definitions that have been proposed (Pannell and Schilizzi 1999; Pannell and
Glenn 2000) and summarized by Moldan et al. (2012). The idea of sustainability
indicators seems to have grown out of the recognition that sustainability cannot be
condensed to a single simple definition. Its multifaceted nature can be dealt with
by monitoring a range of indicators of different types on local or global level for
individual farmers or regional, national and international decision-makers.

The identification of the end-user and the definition of practical objectives of
the indicators and whole sustainability assessment methods are the basic steps for
their development (Binder et al. 2010; Bockstaller et al. 2009; Goodlas et al. 2003;
van der Werf and Petit 2002).
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Two main groups of indicator’s users can be distinguished. Decision and pol-
icymakers and administration-needs aggregated indicators which provide them
with a complex view (information about the state or development) and are used as
the support for development of environmentally just policy for the agricultural
sector. This kind of indicator is dealt with in the first part of the chapter.

The second group of users, farmers, practitioners, managers of the farms and
agricultural enterprises, has direct impact on the performance of the farm and
manages its interaction with the environment. They need fairly detailed infor-
mation and simple methods on how to determine sustainability indicators, which
can be used here for identifying risky points in environmental performance and
sustainability of the farms.

Therefore, we introduce several general approaches for indicators to collect to
assist in policy-making in the first part of our chapter and give the differences in
decision problems faced by these sets for decision-makers. In this part we sum-
marize the sets of indicators officially used by European and international (OECD,
FAO) institutions (Hřebíček et al. 2011, 2012) on regional, national and interna-
tional levels.

We continue in the second part of the chapter with an overview of indicators
and methods developed in the Europe designated for sustainability assessment on
the farm level (Valtýniová and Křen 2011) which provide links to experience
obtained by the application of this approach in the Czech conditions (Křen et al.
2011, 2012).

2 Framework of Sustainability Indicators
for the Agriculture Sector on Country
and International Level

Let us consider sustainability indicators used to assist in policy-making which
focus on companies within the economic activity of the Statistical Classification of
Economic Activities in the European Community (NACE) coding (NACE 2011):
A—Agriculture, forestry and fishing section, where we considered all the sub-
sections A1.xx of the subsection A1—Crop and animal production, hunting and
related service activities excluding subsection A1.07 (hunting, trapping and
related service activities).

2.1 EU Agri-environmental Indicators

Before determining the sustainability indicators for the investigated agriculture
sector we have to consider and analyse the EU legislation, i.e., the Common
Agricultural Policy (CAP) after 2013 (CAP 2012) including the reporting needs of
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other EU policies that relate to sustainability indicators, particularly the Agri-
Environmental Indicators (EU AEI(s)) and requirements on the collection of
related data. The CAP of the EU is due to be reformed by 2013. On 12 October
2011 the European Commission (EC) presented a set of legal proposals designed
to make the CAP a more effective policy for a more competitive and sustainable
agriculture and vibrant rural areas (CAP 2012).

The development of the EU AEIs is a long-term project for monitoring the
integration of environmental concerns into the CAP, at the latest proposed by the
EC on 15 September 2006 in COM (2006) 508 final ‘‘Development of agri-
environmental indicators for monitoring the integration of environmental concerns
into the common agricultural policy’’ (CEC 2006). The EC adopted 28 EU AEIs to
assess the interaction between the CAP and the environment. We took into account
also the COM (2000) 20 final ‘‘Indicators for the integration of environmental
concerns into the common agricultural policy’’.

In these Communications, 28 Agri-Environmental Indicators are identified
(Table 1) according to the Driving forces—Pressures and benefits—State/
Impact—Responses (DPSIR) framework of the EEA (EUROSTAT 2010; Stanners
et al. 2007). Simply put, the DPSIR framework specifies social and economic
developments drive (D) changes that exert pressure (P) on the environment. As a
consequence, changes occur in the state (S) of the environment, which leads to
impacts (I) on, for example, agriculture systems and ecosystem functioning,
human health and the economy. Finally, societal and political responses (R) affect
earlier parts of the system directly or indirectly. In Table 1 is the list of EU AEIs
connected with domains of the DPSIR framework and each domain is divided into
sub-domains with appropriate indicators.

Ideal spatial scales for AEIs reporting have been proposed Vinther et al. (2011)
that are specific to individual AEIs, but are kept realistic, often at NUTS 2 level.
The Nomenclature of territorial units for statistics (NUTS) classification is a
hierarchical system for dividing up the economic territory of the EU for the
purpose of the collection, development and harmonisation of EU regional statis-
tics; socio-economic analyses of the regions; framing of EU regional policies
(EUROSTAT 2012). A regional approach rather than a national approach is
essential to capture the diversity in farming systems in given territory and the
environment.

The frequency of data collection is recommended based on the rate of change of
the indicator, but also to enable the detection of trend and to satisfy policy
requirements without overwhelming the data provider (Vinther et al. 2011).

The set of AEIs have much in common with CAP requirements, and even those
that are not required directly for the CAP are useful for monitoring the outcomes
of the CAP implementation. It is therefore expected that the use of the AEIs will
provide much needed coordination for data collection at an EU level to meet the
needs of the key agri-environmental policies.

In the context of the Renewed EU Sustainable Development Strategy (CEC
2009) of EU, these EU AEIs serve to:
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• provide information on the farmed environment;
• track the impact of agriculture on the environment;
• assess the impact of agricultural and environmental policies on environmental

management of farms;
• inform agricultural and environmental policy decisions;
• illustrate agri-environmental relationships to the broader public.

The last list of EU AEIs collected by Eurostat from Member States (MS) of the
EU is summarized at the Eurostat web page (EUROSTAT 2010). It is devoted to
track the integration of environmental concerns into the CAP at the EU, national
and regional levels. However, the level of the development of these indicators with
respect to sustainability differs. Some EU AEIs are already operational, their
concepts and measurement are well-defined and data are available at national and,
where appropriate, at regional level of decision or policy making. Other indicators
are well-defined but they lack regional or harmonised data or their modelling
approaches are weak. There are also indicators that still need substantial
improvements in order to become fully operational (Hřebíček et al. 2012).
Therefore, not all indicators can be disseminated for the time being and we took
this into account.

From where can data be obtained to calculate EU AEIs for Member States?
What follows are three basic surveys of EU as existing data sources of EU Member
States for several of the EU AEIs (Oenema et al. 2011):

• Farm Structure Survey (FSS). The Farm Structure Survey (FSS 2012) at Eu-
rostat provides comparable statistical data on the structures of agricultural and
horticultural enterprises in all Member States of the EU, e.g., data from the
Czech Republic (Martins 2008). These statistics contain data on the number of
farms, production sector, form of ownership, land use, crop production, live-
stock production, farmers and other labour forces on farms, working hours spent
on agricultural work, working outside the farm, secondary business activities on
farms, organic production, machinery and equipment on farms, manure pits, and
irrigated areas.

• Survey on Agricultural Production Methods (SAPM). The Survey on Agricul-
tural Production Methods (Charlier 2010) is a one-off supplement to the FSS
focusing on production methods and management, and includes questions on the
following topics: tillage methods, soil conservation, actions against erosion and
nutrient leaching, landscape features, animal grazing, animal housing, nutrients,
manure storage and treatment facilities, plant protection, and irrigation.

• Farm Accountancy Data Network (FADN). The Farm Accountancy Data Net-
work (FADN 2010) is an instrument for evaluating the income of agricultural
holdings and the impacts of the CAP. The concept of the FADN was launched in
1965, when the Regulation No 79/65/EEC of the Council of 15 June 1965 set up
a network for the collection of accountancy data on the incomes and business
operation of agricultural holdings in the European Economic Community (CEC
1995) and established the legal basis for the organisation of this network. It
consists of an annual survey carried out by the Member States of the EU
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accountancy data from a sample of the agricultural holdings in the EU every
year. Derived from national surveys, the FADN is the only source of micro-
economic data that is harmonised, i.e., the bookkeeping principles are the same
in all countries. Holdings are selected to take part in the survey on the basis of
sampling plans established at the level of each region in the EU. For instance,
Liaison Agency FADN CZ (FADNCZ 2011) is responsible for carrying out the
FADN survey by collecting accountancy data from a sample of the agricultural
holdings in the Czech Republic every year. The concept of the FADN in the
Czech Republic was launched in 1995 and the Liaison Agency FADN CZ
(CLA) was established by the decision of the Minister of Agriculture in 2003.
The CLA is guided by a National FADN Committee and coordinates the col-
lection of the data from the surveyed farms in the Czech Republic. Data, con-
sisting of production, structural and financial variables, are collected in a
questionnaire for each holding. Currently, the annual sample covers approxi-
mately 1.700 holdings. At present, the CLA operates the FADN fulfilling all the
functions in relation to the EU. The CLA provides FADN data to experts either
in the form of publication or through electronic media. Furthermore, the CLA
takes part in the national and international projects in the field of economics of
the agricultural sector, information systems and agricultural statistics. The sta-
tistical methods are used to test the representativeness of the FADN CZ sample
and to analyse data validity.

We can obtain time series of indicators for EU Member States from Eurostat
that collects data and calculate chosen AEIs. For example, the AEI15 Gross
nitrogen balance of EU Member States indicator is free to download at the Eu-
rostat database (EUROSTAT 2009). We show extracted times series of the Czech
Republic from EUROSTAT (2009) in Table 2.

We have also been inspired by the specific recommendations of the ‘‘Direct and
indirect data needs linked to the farms for agri-environmental indicators’’ (Dire-
Data) project. EU AEIs were introduced in the series of publications (Amon et al.
2011; Oenema et al. 2011; Van Beek et al. 2011; Velthof 2011; Vinther et al. 2011;
Wilson et al. 2011) of Eurostat Methodologies & Working papers edited by
Selenius, Baudouin and Kremer from Eurostat.

The DireDate project was focused on analysing the direct and indirect data
needs linked to the farms, with the objective of setting up an efficient and sus-
tainable data collection for agri-environmental indicators and policy reporting in
the EU. The general objective of DireDate project was: ‘‘to create a framework for
setting up a sustainable system for collecting a set of data from farmers and other

Table 2 Gross nutrient balance per hectare (arable land, permanent crops, permanent grassland)
for the Czech Republic. Modified from EUROSTAT (2009)

Years 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

AEI15
(kg N/ha/year)

72 77 84 82 72 77 88 91 86 60
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sources that would serve primarily European and national statisticians for creating
the agreed 28 agri-environmental indicators (EU AEIs) and thus serve policy
makers, but also agricultural and environmental researchers, observers of climate
change and other environmental issues linked to agriculture’’ (Van Beek et al.
2011; Vinther et al. 2011).

We have used their recommendations about the collection of agri-environ-
mental data and information in the project No P403/11/2085.

2.2 EEA Environmental Indicators for Agriculture

Over the past two decades, the EEA has published assessments and indicators on
most European environmental issues. Today it maintains an extensive set of over
200 environmental indicators (EEA Indicators 2012) across 12 environmental
themes (Martin and Henrichs et al. 2012), which are: Agriculture; Air pollution;
Biodiversity; Climate change; Energy; Transport; Waste; Water; Fisheries; Land
and soil; Tourism; Environmental scenarios. EEA indicators are developed for
Agriculture against the DPSIR assessment framework (Stanners et al. 2007).

The EEA has developed a formidable store cupboard of environmental, eco-
nomic and social data and indicators that could be used to a much greater degree
than hitherto, to support current EU policy priorities such as the Europe 2020
strategy (EC 2010) and the forthcoming 7th Environmental Action Programme.
The EEA aims to deliver timely, targeted, relevant and reliable information to
policy makers and the public—environmental indicators play a key role in this.

We have considered the subset of the Core Set of Indicators (CSI) and related
indicators published by the EEA (EEA Indicators 2012) focusing on the Agri-
culture sector (Table 3) as sustainability indicators for the environment. They are
ordered in a similar fashion like data in Table 1, in accord with the DPSIR
framework.

We can find detailed factsheets and methods of indicator data collection in
Table 2 on the web of EEA Indicators (2012) and we do not introduce them here.

2.3 OECD Agri-environmental Indicators

Agriculture also has significant impacts on the environment in OECD countries.
The impacts occur on and off farm, including both pollution and degradation of
soil, water and air, as well as the provision of ecological goods and services, such
as biodiversity and providing a sink for greenhouse gases. To help improve
measurement of the environmental performance of agriculture, the OECD has
established a set of agri-environmental indicators (OECD 1997, 2008a) while
developing the indicators in cooperation with Eurostat and FAO.

The set of OECD agri-environmental indicators (OECD AEIs) has been
developed through several specific theme focused workshops involving OECD
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country analysts and scientific experts, complemented with thorough reviews of
the literature (OECD 1997, 2008a, b, c, 2010). The publication OECD (2008a) is
the fourth volume of the series OECD AEIs which examines performance across
OECD countries in terms of environmental themes: Soil; Water; Air; Biodiversity;
Farm management and Agricultural inputs. The OECD’s Driving Force-State-
Response (DSR) framework was the organising framework for the long time
process of developing the OECD AEIs instead of the EU DPSIR analytical
framework. Detailed information (the list of OECD AEIs, data sets of OECD
countries and publications) is presented on the web of OECD (2012).

The OECD fosters sustainable development by using indicators to analyse and
measure the effects on the environment of domestic agricultural and agri-envi-
ronmental policies and trade measures. OECD trends of environmental and sus-
tainability conditions related to agriculture are examined across nine themes since
1990 (OECD 2008a):

• Agricultural production and land.
• Nutrients (nitrogen and phosphorus balances).
• Pesticides (use and risks).
• Energy (direct on-farm consumption).
• Soil (water and wind erosion).
• Water (use and quality).

Table 3 List of the EEA environmental indicators for agriculture. Modified from EEA Indica-
tors (2012) factsheets

Domain
DPSIR

Sub-domain Indicator
code

Title Unit

Driving
forces

Farm
management

CSI033 Aquaculture production tonnes/km
YIR01AG09 CAP expenditures Mio€

Pressures Pollution CSI025 Gross nutrient balance kg/ha/year
CSI002 Emissions of ozone

precursors
ktonnes

APE003 Ammonia (NH3)
emissions

ktonnes

SEBI016 Freshwater quality mg NO3/l or mg(NO3-
N)/l and mg P/l

Resource
depletion

FAO010 Total fertiliser
consumption

Megatonnes or kg/ha of
arable land

EEA023 Fertilizer consumption kg/ha or %
CSI018 Use of freshwater

resources
% of WEI

State/
Impact

Natural resources CSI 020 Nutrients in freshwater mg NO3/l
WHS 01a Pesticides in groundwater lg/l

Response Market signals
and attitudes

CSI026 Area under organic
farming

% of UAA

Technology and
skills

YIR01AG11 Agri-environmental
management contracts

% of UAA

UAA utilised agricultural area; WEI water exploitation index
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• Air (ammonia, methyl bromide use, greenhouse gas emissions).
• Biodiversity (genetic, wild species and ecosystem diversity).
• Farm management (nutrients, pesticides, soil, water, biodiversity, organic).
• Socio-economic (production, structure, employment, support).

The times series primary database of the OECD AEIs is available on the web
OECD (2008c) along with the OECD publication ‘‘Environmental Performance of
Agriculture in OECD Countries Since 1990’’ (OECD 2008a), where the assess-
ment of these indicators according to OECD indicator criteria—policy relevance,
analytical soundness, measurability, and ease of interpretation—is presented. This
database provides OECD cross-country coverage on an annual basis since 1990.

We introduce the set of indicators in the Table 4 in a wider context of OECD
(2008a), where the sections of this publication in brackets with appropriate indi-
cators are shown. The OECD AEIs are summarized as follows:

• driving forces of agricultural production (Section 1.1.2) and land use (Sec-
tion 1.1.3) are considered as they relate to other key driving forces, especially
purchased farm input use nutrients (Section 1.2), pesticides (Section 1.3),
energy (Section 1.4) and water use (Section 1.6.1), which play a major role in
affecting the state of the environment at agriculture sector;

• the state of the environment is related to agriculture, both on and off farm soil
erosion (Section 1.5), water quality (Section 1.6.2), ammonia (Section 1.7.1),
methyl bromide (Section 1.7.2), greenhouse gas emissions (Section 1.7.3),
genetic diversity (Section 1.8.1), wild species diversity (Section 1.8.2), eco-
system diversity (Section 1.8.3), and which in turn lead to;

• a response by farmers in terms of altering their farming practices and systems
nutrient management (Section 1.9.2), pest management (Sect. 1.9.3), soil
management (Section 1.9.4), water management (Section 1.9.5), biodiversity
management (Section 1.9.6) and organic management (Section 1.9.7).

All of above OECD AEIs are those which relate to agri-environmental issues
faced by most OECD countries, and are based on the best available science and
data available for a representative group of countries, as shown in Chap. 1 of
(OECD 2008a).

Other OECD AEIs for which either methodologies and/or data sets are not yet
at a stage that allows for representative comparative OECD country coverage are
summarised in the Sect. 2 of (OECD 2008a).

The forth-coming OECD working plan will reduce the number of OECD AEIs
from Table 3 to the following 13 OECD AEIs (FAO 2010):

1. Quantity and share of agricultural water use in total national water utilization.
2. Quantity and share of agricultural ammonia (NH3) emissions in national total

ammonia emissions.
3. Quantity of methyl bromide use in terms of tonnes of ozone depleting sub-

stance equivalents.
4. Quantity and share of agricultural greenhouse gas emissions in national total

greenhouse gas emissions.
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Table 4 List of the OECD agri-environmental indicators. Modified from (OECD 2008a)

Domain Section Indicator description Unit

Driving
forces

Agricultural production
(1.1.2)

National agricultural production Mio US$

Land use (1.1.3) National total land area kha
Total agricultural land area kha of UAA
Other categories of agricultural

land
kha of UAA

Nutrients (1.2) 33. Gross balance of nitrogen
inputs

kg N/ha/year

34. Gross balance of phosphorus
inputs

kg P/ha/year

Pesticides (1.3) 35. Pesticide use tonnes/year
36. Pesticide risk Index of risk

Energy (1.4) 37. Farm energy consumption ktonnes oil
equivalent

Water use (1.6.1) 3. Quantity of water use Mio m3

4. Quantity of groundwater use Mio m3

5. Area of irrigated land % of UAA
State Soil erosion (1.5) 1. Area of water erosion % of UAA

2. Area of wind erosion % of UAA
Water quality (1.6.2) 6. Nitrate and phosphate water

pollution
%

7. Nitrates concentrations in water mg/l NO3

8. Pesticide concentrations in water lg/l
9. Pesticides concentration in water %

Ammonia (1.7.1) 10. Quantity of NH3 emissions. ktonnes/year
Methyl bromide (1.7.2) 11. Quantity of methyl bromide

use
ktonnes/year

Greenhouse gas emissions
(1.7.3)

12. Gross total agricultural GHG
emissions

ktonnes CO2eqv/
year

Genetic diversity (1.8.1) 13. Plant varieties marketed Number
14. Dominant crop varieties Number
15. Area of transgenic crops ha
16. Livestock breeds marketed Number
17. Dominant livestock breeds Number
18. Number of livestock

endangered
Number

19. Status of genetic resources Number
Wild species diversity

(1.8.2)
20. Wild species using farmland Number
21. Populations of breeding birds Number

Ecosystem diversity
(1.8.3)

22. Conversion of agricultural land ha
Area of semi-natural habitats ha
24. National bird habitat areas ha

(continued)
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5. Populations of a selected group of breeding bird species those are dependent
on agricultural land for nesting or breeding.

6. Gross balance of the quantity of nitrogen inputs (e.g., fertilisers, manure) into
and outputs (e.g., crops, pasture) from farming per hectare of agricultural land.

7. Gross balance of the quantity of phosphate inputs (e.g., fertilisers, manure)
into and outputs (e.g., crops, pasture) from farming per hectare of agricultural
land.

8. Quantity of pesticide use (or sales) in terms of active ingredients.
9. Quantity and share of direct on-farm energy consumption in national total

energy consumption.
10. Area and share of total agricultural land in total national land area.
11. Area and share of the main agricultural land use types (i.e., arable crops,

permanent crops and pasture) in total agricultural land.
12. Area and share of land under organic farming in total agricultural land.
13. Area and share of land under transgenic crops in total agricultural land.

The complex information about OECD AEIs is available at the new OECD web
page of agri-environmental indicators (OECD 2012), where it is possible to find
the link to the complete database of OECD AEIs, as well as links to abovemen-
tioned themes or to indicators and statistics of OECD countries.

2.4 FAO Agri-environmental Indicators

The FAO is working closely with the OECD and Eurostat in the development,
convergence and production of agri-environmental statistics and indicators (FAO
2010, 2011; FAOSTAT 2012). In the view of the growing demand for information
about agri-environmental statistics and for the construction of related FAO

Table 4 (continued)

Domain Section Indicator description Unit

Response Nutrient management
(1.9.2)

25. Nutrient plans ha
26. Soil nutrient testing ha

Pest management (1.9.3) 27. Integrated pest management. ha
Soil management (1.9.4) 28. Soil conservation ha

29. Vegetative cover ha
Water management (1.9.5) 30. Irrigation technologies ha
Biodiversity management

(1.9.6)
31. Biodiversity management

plans.
ha

Organic management
(1.9.7)

32. Organic farming ha

UAA utilised agricultural area.
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agri-environmental indicators (FAO AEIs), a variety of domains is being moni-
tored: Air and climate; Land; Fertilizers; Pesticides; Livestock; Soil; Water; and
Energy.

It is organised into the Driving forces—Pressure—State—Impact—Responses
(DPSIR) framework, which includes 17 indicators, the statistics of which are
described by 59 data series (FAO 2003).

Data and derived FAO AEIs come from FAOSTAT (FAOSTAT 2012), other
FAO databases, as well as from other international organizations according to the
different fields, land and water management, land tenure issues, biodiversity and
genetic resources for food and agriculture, research and extension in order to
strengthen FAO’s role in providing clear directives to countries on national and
international issues related to the environment and sustainable development of
agriculture, forestry and fisheries.

The definition of the FAO AEIs DPSIR framework and the coordination with
the existing OECD and EU frameworks presented above had to face challenges
arising from limited data availability. While OECD and EU designed their
frameworks primarily over a limited number of Developed Countries (OECD
countries and EU Member States), with established and solid structures in the
charge of data collection, in the case of FAO the area of interest covers virtually all
the globe, and there are great differences in the amount of data available in the
different countries and regions and its quality.

The FAOSTAT Agri-environmental domain under development includes 19
indicators (Table 5), described by 68 data series in Annex 1 (FAO 2011), where
the FAO AEIs domain in FAOSTAT and corresponding OECD/EUROSTAT
frameworks is described.

FAOSTAT, the FAO statistical database, provides time-series and cross-sec-
tional data relating to hunger, food and agriculture for approximately 245 countries
and 35 regional areas covering agriculture, nutrition, fisheries, forestry and food
aid from 1961 through the present. It also offers an innovative tool, FAOSTAT
Analysis, for basic statistical analysis of the data. It provides users with: a com-
prehensive global collection of statistics on agriculture; comparative analysis tools
of sectors, commodity, country and regions; easy download and visualization of
data and indicators (FAOSTAT 2012).

Agri-environmental statistics are compiled by FAO through a variety of methods
such as censuses, surveys, remote sensing, administrative records, questionnaires
and monitoring and network facilities for the development of environmental indi-
cators and assessments. The data published in FAOSTAT (2012) on land, labour,
water, fertilizers, pesticides etc., are compiled through the FAO agriculture
resource questionnaires, and are intended to serve building resources accounts, and
are vital for environmental analysis. The data collected, however, are not adequate
for directly assessing the environmental impact of social and economic activities. In
addition, the data reflect national averages and aggregates, while environmental
problems are, in most cases, site and time specific.
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2.5 FAO View on Sustainability Indicators and Assessment

The FAO developed the Sustainability Assessment of Food and Agriculture sys-
tems (SAFA) guidelines (FAO 2012) in the same spirit of codes of practice,
guidelines and other recommended measures to assist the achievement of fair
practices in food and agriculture production and trade on a local and regional level.
The SAFA guidelines are the result of an iterative process, built on the cross-
comparisons of codes of practice, corporate reporting, standards, indicators and
other technical protocols currently used by food and other companies and orga-
nizations that implement sustainability tools.

The structure and methodology of the SAFA Guidelines draw specifically upon:
ISO 14040:2006, the ISEAL Code of Good Practice (ISEAL Alliance 2010), the
Reference Tools of the Global Social Compliance Programme (GSCP 2010), the
Sustainability Reporting Guidelines (G3.1 2011) and its Food Sector Supplement
(GRI 2011) of the Global Reporting Initiative (GRI 2006). The SAFA Guidelines
will be revised and finalised in 2013 in order to improve their practicality,
applicability, usefulness and soundness.

Table 5 List of FAO agri-environmental indicators. Modified from (FAO 2011)

Domain Subdomain Indicator Unit

Driving
forces

Fertilizers Min. Fertilizers Consumption kg/ha
Pesticides Pesticide consumption kg/ha of each substances
Water Area equipped for irrigation % of UAA
Energy Energy use GJ/ha/year
Land Agricultural land use change % of UAA

Share agricultural land % of UAA
Cropping patterns % of UAA
Livestock patterns LU/UAA
Conservation agriculture % of cultivated area

Air and Climate
Change

Ammonia emissions ktonnes/year

Pressures Nutrients Gross nitrogen balance kg N/ha/year
Gross phosphate balance kg P/ha/year

Air and Climate
change

GHG emissions from
agriculture

ktonnes CO2eqv/year

Water Water use in agriculture m3/year
Soil Soil erosion % of UAA
Energy Biofuels % of total energy

production
State/Impact Soil Soil quality Soil quality index
Responses Land Agri-environmental

commitments
AE commitments/UAA

Organic agriculture % of UAA

UAA utilised agricultural area; LU livestock units
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The guiding vision of SAFA is that food and agriculture systems worldwide are
characterised by environmental integrity, economic resilience, social well-being
and good governance.

Recent years have seen some progress in the realisation of a socially, eco-
nomically and environmentally sustainable development (Hřebíček et al. 2012;
Kocmanová and Dočekalová 2012; Soukopová and Bakoš 2010). Many stake-
holders in the agriculture sector have contributed to this progress by improving
agricultural productivity, protecting human and natural resources and conceiving
and implementing frameworks, standards and indicators for assessing and
improving sustainability across the agricultural sector and along the value chain
(Valtýniová and Křen 2011).

The SAFA sustainability rating pertains to the four dimensions of sustainability:
Good governance (G); Environmental integrity (E); Economic resilience (C) and
Social well-being (S), see Table 6. Within these dimensions, 20 sustainability

Table 6 SAFA sustainability dimensions. Modified (FAO 2012)

Core sustainability themes Sub-themes

G1 governance structure Corporate ethics; due diligence
G2 accountability Holistic audits; responsibility
G3 participation Stakeholder dialogue; grievance procedures; conflict resolution
G4 rule of law Commitment to fairness and legitimacy; remedy, restoration

and prevention; co-responsibility; resource appropriation
G5 holistic management Sustainability in quality management; certified production and

sourcing; full-cost accounting
E1 atmosphere Greenhouse gases; air pollution
E2 freshwater Water quantity; water quality
E3 land Organic matter; physical structure; chemical quality; land

degradation and desertification
E4 biodiversity Habitat diversity and connectivity; ecosystem integrity; wild

biodiversity; agri-cultural biodiversity; threatened species
E5 materials and energy Non-renewable resources; energy supply; eco-efficiency; waste

disposal
E6 animal welfare Freedom from stress; species-appropriate conditions
C1 investment Internal investment; community investment; long-ranging

investment
C2 vulnerability Stability of supply; stability of marketing; liquidity and

insurance; employment; stability of production
C3 product safety and quality Product information; traceability; food safety; food quality
C4 local economy Value creation; local procurement
S1 decent livelihood Wage level; capacity building
S2 labour rights Employment; forced labour; child labour; freedom of

association and bargaining; working hours
S3 equity Non-discrimination; gender equality; support to vulnerable

people
S4 human health and safety Physical and psycho-social health; health resilience
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themes were identified, each of which contains sub-themes based on (UN DESA
2007) which can be used at local (farmers or companies) or regional, national and
international (decision-makers, policy-makers etc.) levels. Details on dimensions,
themes, sub-themes and indicators are provided in part C of the SAFA Guidelines
(FAO 2012).

For a detailed description of the SAFA assessment procedure, see part B of the
SAFA Guidelines. To conduct a SAFA, the following phases of sustainability
assessment must be run through (FAO 2012):

1. Setting goal and scope of the assessment.
2. Adapting the SAFA Guidelines: relevance and compliance check.
3. Selecting tools and indicators.
4. Collecting data.
5. Analysing and interpreting SAFA results.
6. Reporting.

3 Development and Use of Sustainability Indicators
on Farm Level in the Europe

To assess sustainability of agriculture on the farm level, indicators dealing with
fundamental features of the agriculture system (agrosystem) have to be included.
The agrosystem is a production system absolutely dependent on basic biological
processes which distinguishes it from other sectors of economic activities. Its main
feature, soil fertility, is defined as the ability of the soil to provide, through synergy
of physical, chemical and biological factors, conditions for growth and develop-
ment of plants. It is the main task for the farmer to maintain the fertility of his soil
as the basic means of production in agriculture.

In the agriculture sector, the environmental aspect of sustainability is often
considered in its bio-physical or agronomical aspects. Thus, this concerns both the
impact of the agrosystem on the environment and the system management. Indi-
cators such as nutrients balances, organic matter balance, (bio)diversity, soil cover,
soil erosion and compaction affect the soil fertility and functioning of the whole
agrosystem. At the same time, they also indicate interaction with the environment
and a possible negative impact on it (e.g., nitrogen leaching into ground water,
conditions for wildlife, water contamination and other threats caused by eroded
soil, etc.). Other indicators, such as energy balance and pesticide use, indicate an
interaction with the surrounding environment and resources intensity. However,
regarding their names, these indicators may overlap with those listed in the pre-
vious part of the chapter; there is an important difference in the organisational
level which they describe and thus in their purpose and use.
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In part 2 of the chapter indicators for use on the level of country are discussed
and also data for calculation of these indicators are collected on state level.
Therefore it is not possible to identify farms or even fields which may be the
source of possible particular environmental, economic or social problems. Indi-
cators on this level are used as support for political decisions and provide an
overall view of development or effect of policy on development of countryside and
spread of particular ways of management. In this part of the chapter we deal with
indicators calculated with the use of data of a single field within the farm and the
result is information for the farmer, usable for an improvement of the farm
management. Examples of the indicators are given in part 3.3 of the chapter.

Earlier research of sustainability indicators for agriculture was conducted on the
farm level, therefore it was focused mainly on problems of a physical, chemical
and biological nature. However, the sustainability concept involves environmental,
as well as economic and social pillars and an institutional (governance) dimension
(Hřebíček et al. 2012; Moldan et al. 2012; Valtýniová and Křen 2011). Therefore
indicators for these issues (which are much more complex regarding type of farm
activity) are also used.

The implementation of a comprehensive analysis of farming systems sustain-
ability requires the processing of large amounts of information of a different nature
and the use of indicators of different types. These procedures have recently
included:

• Indicator selection and data gathering. A selection of relevant indicators based
on strict quality criteria and accurate data gathering to calculate empirical values
of these indicators are an essential element of this kind of study. In order to
manage the huge amount of possible indicators and data required, it is recom-
mended that a solid theoretical framework be utilised.

• Normalization of indicators. Transforming base indicators into a-dimensional
variables (normalization) is required before any aggregation (i.e., to make
indicators mathematically operational) is performed. For this purpose, the use of
a multiple-attribute utility theory and reference values (sustainability levels that
determine the minimum/maximum values of the indicator values) are suggested.

• Weighing indicators. Since sustainability is a ‘‘social construction’’, in order to
determine the overall sustainability function, it is convenient to take into
account society’s preferences in order to assign different importance to each
dimension/indicator included in the composite indicator. A sensitivity analysis
is also advised, with the aim of determining the extent to which weights
influence results.

• Aggregation of indicators. Although there is a wide variety of functional forms
that permits indicators to be aggregated, it is worth taking into account the pos-
sible incommensurability of different indicators or dimensions of sustainability.
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3.1 Methods for Farming-System Sustainability Assessment

The most common principle of agri-environmental indicators calculation is to
compare inputs and outputs of the agrosystem and calculate the balance as it is
assumed that all substances which are removed from the system in the harvested
biomass have to be returned to the system in appropriate form and amount to
prevent exploitation of soil fertility or loses of nutrients or other substances into
the environment.

A number of European states are interested in including an Input–Output
Accounting (IOA) system as part of EU agro-environmetal support schemes to
prove subsidies payments. IOA systems including Green accounts typically use a
set of indicators to express the degree of environmental impact of a farm (Goodlass
et al. 2003; Halberg et al. 2005; Valtýniová and Křen 2011).

From the indicator methods for farming sustainability assessment we can
mention here, for example, the German KUL/USL (Eckert et al. 2000), the KSNL
(Breitschuh et al. 2008), REPRO (Hülsbergen 2003) and German Agricultural
Society (DLG—Deutsche Landwirtschafts- Gesellschaft) sustainability standards
(Schaffner and Hövelmann 2009), the French Indigo method (Girardin et al. 2000)
and the Swiss SALCA (Nemecek et al. 2011a, 2011b) and RISE (Grenz et al.
2009) methods.

All these methods are based on the same principle, which utilises indicators.
However, each method contains its own set of indicators regarding their number,
focus, normalization, weighing and aggregation.

Although all the methods should assess the sustainability of farm performance,
most of them do not cover all the three sustainability aspects. With some gener-
alization it can be stated that the formerly developed methods focus on environ-
mental effects (Indigo, KUL/USL, SALCA) or include some economical
assessment (REPRO). The social issues have been included since about the year
2000 (KSNL, DLG sustainability standards, RISE).

What also makes important difference, from the users’ point of view, is whether
the method is primarily a certification procedure (DLG sustainability standards,
KSNL) or advisory tool (RISE). In the first case, a farmer just receives the con-
firmation of the fulfilment of certain criteria (certificate) or also an analysis of
weaknesses of his farm management, suggestions for improvement, or he has the
possibility of testing these proposals on a computer model of the farm.

3.1.1 Determination of the Threshold Value

Indicators are defined as ‘‘observations related to their corresponding reference
point’’ (Riley 2001). The result of measurement or calculation must be interpreted
vis à vis the reference value.Van der Werf and Petit (2002) concluded that the
identification of thresholds which define the sustainability value is one of the most
critical steps in evaluations carried out with indicators.
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The reference value can be a threshold, a norm or a target which is expressed
absolutely or relatively. It should be based on research results or relevant statistics
and in some cases it should take regionally specific conditions into account.

For example, the reference value for indicators of nitrogen balance is for many
users zero as it is assumed that it indicates a stable status of a system. But such
implicit value is often criticised due to a lack of scientific arguments confirming
dependence between nitrogen surplus and nitrogen loss by leaching which should
be indicated by the balance.

However, the reference value is frequently not set up by scientists or specialists
but is determined by the stakeholders. In many cases it is useful, when the ref-
erence value is the result of an interaction between both groups. Therefore,
determining the optimal target value can differ according to the region, and can
also be influenced by political impacts.

3.1.2 Normalization of Indicator Values

Some methods report the indicator value in the original units of measurement;
others convert the result to a relative figure, which serves as a grade, points or
score. As mentioned before, the reference value is necessary for interpretation of
indicator values. The normalization process incorporates the reference value of the
indicator and the final value already provides an evaluation of the result.

This transformation also enables a further aggregation of indicators also in case
they have different original units of measurement. Furthermore, it enables the
quick identification of the agrosystem’s weak points in a kind of overview of the
assessment results. The example is shown in Fig. 1.

However, this method of indicators assessment is more suitable for a complex
view, for certification or for policy-makers. If it should be used by farmers as a
tool for agrosystem improvement, the original indicators values have to be kept
and analysed on this (farm) or even on a lower level (field, crop, etc.), (Bockstaller
et al. 2009; Goodlas et al. 2003).

Nardo et al. (2008) have presented a list of normalization methods for the
OECD: ranking; Z-score standardization; min–max normalization; distance to a
reference measurement; category scale; transformation of indicators above and
below the mean; cyclical indicators; balance of opinions; and percentage of annual
differences over consecutive years. These algorithms differed for the approach
used in the handling of the statistical distribution of original data, with advantages
and disadvantages in the normalization process (Freudenberg 2003).

Castoldi and Bechini (2010) presented the basic example of functions (Fig. 2)
used to convert bio-physical variables into scores, which represent different
qualitative levels of sustainability. Sharp boundaries (e.g., nitrate concentration of
groundwater of 50 mg NO3--N/l) can be used to divide the indicator output in two
ranges, assigning a double judgement: sustainable or non-sustainable (Fig. 2a).
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Other proposed scores are based on step functions (Fig. 2b) that have an abrupt
change at the breakpoints. Alternatively, a gradual variation of sustainability can
be approximated by a continuous simple linear function that gradually converts the
indicator value into a sustainability score, without abrupt breakpoints (Fig. 2c).
One last option is to represent variations of sustainability with a continuous curve
(e.g., a bell shape, a logistic curve; Fig. 2d).

The selection of scale, evaluating conversion functions and the range of values
are subjective and eventually depend on individual considerations, and therefore
need discussion, which is important for effective communication. In any case, the
selection should be explicit and transparent (Bockstaller et al. 2009).

Fig. 2 Different relationships between the value of an indicator and the evaluation of
corresponding sustainability: a dichotomic judgment; b step function; c continuous linear
function; d continuous non-linear function. (Castoldi and Bechini 2010)

Fig. 1 Overview of results of assessment—method RISE. (Grenz et al. 2009)
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3.1.3 Temporal and Spatial Dimension of Indicator Assessment

The spatial boundary for indicator assessment can be set up equal to the boundary
of a farm, a plot (field) or soil surface. Usually, the level of input data determi-
nation and the level of output data application is not the same. Most often, the
input data are collected at the plot level and the outputs are aggregated up to the
farm level. However, this can lead (in the case of large farms) to the loss of
information about the agrosystem heterogeneity.

With regard to time, the most usual standard is a year; however, methods based
on models also use a monthly step (SALCA) or the main stages of the growth cycle
(Indigo), (Bockstaller et al. 2009). Moreover, concerning the temporal scale, a
single season is not representative in the case of agriculture, due to the inter-annual
variability (weather conditions, diseases and pests pressure, variability of prices,
etc.). Data from at least 3 years are needed to enable more relevant assessment
(Křen et al. 2011; Valtýniová 2011).

3.2 Sustainability Reporting in the Agriculture Sector
and Information Technology

3.2.1 Sustainability Reporting

Sustainability reporting is the practice of measuring, disclosing and being
accountable for organizational performance towards the goal of sustainable
development and is considered synonymous with other terms used to describe—for
the purposes of accounting—for economic, environmental, social and governance
impacts of farms (Hřebíček et al. 2012). At present, organizations in the agriculture
sector have varied approaches to sustainability reporting. While a number of
benefits have been proposed for organizations to monitor and report information
on performance, there are also several risks and barriers inhibiting open disclosure
of facts and figures.

There are a number of barriers and reasons why organizations in the agriculture
sector have not embraced sustainability reporting.

Especially in the case of small and medium farms in the Czech Republic, this
form of reporting is not supported, or it is markedly heterogeneous (Hřebíček et al.
2009; Chvátalová et al. 2011). We have discovered the main barriers why agri-
culture organizations do not support sustainability reporting:

• Collecting and managing data is expensive, technical issues with data collection
are also a problem.

• Determining a set of appropriate sustainability indicators to monitor and mea-
sure is difficult.

• Difficulty in capturing reliable data information (some aspects of the agrosystem
are very difficult to collect meaningful and repeatable data).
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• Disclosure can create business risks which competitors and regulators may seize
upon.

• Difficulty to determine the sphere of influence of an organization.
• Many organizations have good intentions, but simply have not allocated enough

resources due to the current economic situation in the Czech Republic.
• Reporting is seen as a superfluous and burdening activity.

The core of these barriers is the certain time-demanding nature of the agri-
culture farm data-processing, and the absence of positive feedback (Hodinka et al.
2012).

Reporting sustainability indicators does not require the discernment for whom
the reporting is destined (obligatory, voluntary), nor does it require the knowledge
whether it is designated for organization controlling, public or for public admin-
istration. Emphasis, however, is placed on standardizing the descriptive indicators
and on the character of the distribution form. In this area, the eXtensible Business
Reporting Language (XBRL) standard (XBRL 2012) has taken root as a suitable
form of reporting-message distribution (Graning et al. 2011). To a large degree this
approach simplifies the exchange and distribution of data and information.

3.2.2 Applied Information Technology for Reporting

We suggest the formalization of the reporting systems of agriculture organiza-
tions on the basis of the universal markup language XML by means of the use of
the XBRL to minimize above barriers. The XBRL is a worldwide fostered open
standard which is supported by the majority of business organizations, financial
institutions, investors, regulatory institutions (e.g., SEC, Eurostat, CEBS) and
governments. The proposed unified structure of the document complies with the
Global Reporting Initiative (GRI) standards (GRI 2006; G3 2006; G3.1 2011).
The GRI is a very important network-based organization that produces a com-
prehensive sustainability reporting framework that is widely used around the
world. The GRI has pioneered the development of the world’s most widely used
sustainability reporting framework in 2000 and is committed to its continuous
improvement and application worldwide. The GRI drives sustainability reporting
by all organizations.

The XBRL is a widely accepted data standard (XBRL 2012) which enables the
exchange of unified financial information between computer systems, software
applications and users (Hodinka et al. 2012). It is based on the XML (eXtensible
Markup Language) and using it, users will be able to employ a single technology
for various applications. The XML language has been put together and stan-
dardized by the World Wide Web Consortium (W3C).

The strength of the XBRL springs from its structure, which is divided into an
instances document and a taxonomy group. The instances document contains
commercial facts which are being reported.
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The structure of the XBRL is derived from the Financial Reporting Taxonomies
Architecture (FRTA) concept (FRTA 2005) and Financial Reporting Instance
Standards (FRIS), (FRIS 2004). It can be characterized by taxonomy schemes and
by so-called linkbases. By taxonomy we mean the standardized XML scheme
(XSD), which contains concepts of what kind of data will appear in the message.
The scheme group describes the syntax, as well as the interconnectedness of each
message or its distinct parts. The linkbases are collections of links which enrich the
syntax by means of certain semantics (Isenmann and Gomez 2009). The linkup on
FRTA principles brings a specification for the appropriate construction and
structuring of the sustainable development messages.

For the sustainability reporting concerned with the area of finance, there have
been several business use cases. On the basis of the FRTA and FRIS concepts we
have built a report dealing not only with the financial side of the organization but
also with other aspects, provided documents are correctly edited and amplified. For
each document we have created a set of files with the aim of helping the user
understand the structure and purpose of the individual cases that correspond with
the mentioned standards.

Contents of the template:

• Built taxonomy.
• Display of taxonomies for the presentation, calculation and definition layers.
• Instances document.
• Input data that can be read by the user (Excel file).
• Style file that will define the appearance of the instances document for its

conversion into HTML.
• XSL-FO for conversion into PDF and Excel.
• Validation of calculations which can appear in the document.
• Validation of messages.
• Final exporting of the instance document into PDF, HTML and Excel formats

using the style files.

By implementing the XML scheme, the agriculture organization gains a whole
set of advantages. The administration and editing of information is much easier
and much more effective. Employing the abovementioned framework enables an
improved communication and collaboration with target groups and concerned
parties. By implementing the scheme the company acquires the possibility of
creating and publishing compact, focused messages that are generated automati-
cally on the basis of the template rules of one single scheme.

Our approach is based on the GRI taxonomy scheme (G3.1 2011), in which we
may define, according to the XBRL specification, new units, which do not appear
in financial reporting. The factual values connected with their unit and classified
with corresponding contexts, related to the time-period and certain dimension,
create the basis for a user-readable and understandable report, which—owing to
the style template that has been created—enables the exporting of the message into
a text format. This approach will enable the improvement of environmental reports
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vis á vis their comparability, standardization and reliability, using the latest
innovations in the world of financial reporting.

We see another possibility of development in what the XBRL brings for vali-
dation and calculation operations in the framework of the report. What is a key
factor is a completely pre-set form and structure of the reports or their parts, such
as the indicators including the unit specifications and nomenclature. Without such
a structure the message-creation process cannot be fully automatized and syn-
chronized with reports published by other parties.

3.3 Overview of Agri-environmental Indicators Used
in the Europe on Farm Level

The basic and the most frequently used bio-physical indicators are: balance of
nutrients (nitrogen and phosphorus), organic matter balance and energy balance.
The assessment of pesticides use, agrosystem (bio)diversity and soil-protection are
frequently included as well.

Most of the complex methods use relatively simple procedures of indicator
calculation in order to reach better feasibility of a method. It appears, generally,
that the risk of errors in using a method increases with its complexity. Equally, the
demand for input data is increasing (Bockstaller et al. 2009).

The other reason is that, due to a practical feasibility of assessment, input data
should only include current agronomical reports and eventually basic character-
istics of the locality including information about the soil, the character of terrain
relief, climate etc.

The analysis of nutrients management is most frequently oriented on the
nitrogen (N), and less frequently to the phosphorus (P), though agriculture can
significantly contribute to the eutrophication of water ecosystems. The potassium
(K) is mostly ignored. It is not generally a limiting element for water quality but K
is important for a long-term soil fertility and production quality (Öborn et al.
2005). Moreover, the interest in optimization of P and K balance is substantiated
by the fact that these nutrients originate from limited, non-renewable resources
(Bassanino et al. 2011).

The balance is the basis of indicators which deal with nutrients. In all three
nutrients (N, P, K), it is based on the same principle of difference between inputs
and outputs (Bassanino et al. 2011; OECD 1997). However, in the case of the
nitrogen, more possible inputs into the agrosystem can be considered, as well as
more ways of its changes and losses compared to the phosphorus and potassium.

The list of basic indicators concerning the nitrogen is shown in Table 7, where
examples are given of methods used in the Europe (REPRO, DLG, KUL/USL,
KSNL, Indigo, SALCA).

The balance of organic matter is based on the differences between inputs and
loss of soil organic matter by mineralization. The level of mineralization depends
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on the grown crop, intensity of soil tillage, soil quality and weather, which are
taken into account to a different extent. The established equivalents with defined
contents of the carbon and the nitrogen are often used in German methods for the
expression of organic matter level (Humuseinheiten—HE (Hülsbergen 2003) or t
Reproduktionsfähige organische Substanz—tROS (Eckert et al. 2000). Other fre-
quent equivalents are the dry matter of organic substance or the amount of oxi-
disable carbon (Cox). The list of indicators of the organic matter balance is
presented in Table 8, where examples are introduced of methods used in the EU
(KUL/USL, KSNL, REPRO, DLG, Indigo).

The energy assessment is a significant objective indicator of the efficiency of
agricultural production (Neudert 1998). The advantage of this approach is that
different forms of inputs can be conveyed to the same units (Christen and
O’Halloran-Wietholz 2002) and different kinds of production and greatly different
ways of production can objectively be compared (Halberg 1999; Refsgaard et al.

Table 8 List of indicators of organic matter balance

Indicator
(unit)

Calculation Input data Example of
methods

Organic matter
balance (HE or
tROS/ha)

Difference between input of
organic matter (in fertilizers
and plant residues) and its loss
(according to effect of crops)

Organic fertilization,
straw management

KUL/USL,
KSNL,
REPRO,
DLG

Crop

Supply of organic
matter (%)

Loss/inputs of organic matter Organic fertilization,
straw management

REPRO

Soil type
Average dose of organic matter in

the last 4 years/recommended
dose of organic matter based
on content of clay and CaO in
soil

Organic fertilization,
straw management

Indigo

Soil type, content of
clay particles,
CaO content

Table 7 List of indicators of N balance

Indicator (unit) Calculation Input data Examples of
methods in EU

Balance
(kg/ha)

Difference of all N inputs and
amount of N going away in
products (corrected for change
of supply)

All inputs, REPRO, DLG,
KUL/USL,
KSNL

Yields,
N content

in production
Efficiency of N

use (%)
(inputs–outputs)/outputs * 100 % All inputs, REPRO

Yields,
N content in

production
Risk of

emissions
(kg/ha)

Potential model N loss minus
effect of measures on loss
reduction

Fertilizer inputs ‘Indigo, SALCA,
REPROCrop

Soil type
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1998; Tellarini and Caporali 2000). Different methods can be used for the cal-
culation of plant production energy balance depending on the objective of the
analysis performed. The methods mentioned in the literature differ in the spatial
and time definition of agrosystem boundaries, in flows of substances and energy,
which are taken into account, and in energetic equivalents established for these
flows (Kalk and Hülsbergen 1997).

The list of indicators of energy balance is presented in Table 9, where examples
are introduced of methods used in the Europe (Indigo, REPRO, KUL/USL, KSNL,
DLG, RISE).

The indicator assessing the use of pesticides (see Table 10) is sometimes
included into the complex methods but frequently, because of its complexity,
builds an independent method. In this case, there is the most expressed variance
from simple indicators (of the type of average applied dose of active substance per
hectare) to complex models, which also include the persistence period in the
environment, the toxicity of substances for particular components of the envi-
ronment and groups of animals. All indicators for this area use some form of score
(Reus et al. 2002). A relatively great number of indicators also includes the
component assessing the system of plant protection or non-chemical ways of
protection. Indicators also exist which only assess this aspect.

Table 9 List of indicators of energy balance

Indicator
(unit)

Calculation Input data Example of
methods

Consumption
of fossil
energy
(GJ/ha)

Consumption of direct and indirect
energy (energy for production
of machines and pesticides,
eventually fertilizers)

Mechanized work operations
and their parameters,
inputs of pesticides or
fertilizers

Indigo,
REPRO

Consumption of direct energy Mechanized work operations
and their parameters

KUL/USL

Energy
balance
(GJ/ha)

Difference of energy outputs in
products and inputs
(consumption) of energy

Mechanized work operations
and their parameters,
inputs of pesticides or
fertilizers

REPRO,
DLG,
KUL/
USL,
KSNLCrop yields

Energy
efficiency
(index)

Ratio of energy outputs in products
to inputs (consumption) of
energy

Mechanized work operations
and their parameters

REPRO

Inputs of pesticides or
fertilizers

Crop yields
Energy need

(points)
Combination of energy

consumption in factual form
(Driving force) and efficiency
of its use and independence of
a farm with regard to energy
sources (State).

Consumption of energy,
impacts on the
environment

RISE

Consumption of energy per
worker, level of
independence with regard
to energy
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Diversity of an agricultural system (see Table 11) can be considered from
several points of view. This can be the diversity of groups or plant species grown
in a given year, plot size diversity (Eckert et al. 2000) or the proportion of eco-
logically valuable area within the farm acreage (Eckert et al. 2000; Grenz et al.
2009). However, the term can also be comprehended differently as the diversity of
a farming system concerning the frequency and date of work operations, diversity
in soil cultivation, ways of harvest etc. (Schaffner and Hövelmann 2009). Le-
teinturier et al. (2006) and Thenail et al. (2009) also assess crop rotation, which
affects both the stability of the agrosystem, enabling the reduction of inputs of
plant protection preparations, and landscape diversity.

Quite often, this area is comprehended from the point of view of the diversity of
non-production free living organisms. Actually, it is the original point of view. For
example Manhoudt et al. (2005) differentiate biodiversity in crop stand, in field
margin stripes, and in stands of line landscape elements.

The information value of indicators assessing spatial and species diversity of
the grown crops and the proportion of ecologically valuable areas is influenced by
the compactness of the land tenure of the enterprises.

The most frequent field of soil protection assessment is its erosion and com-
paction. Some authors are also interested in chemical changes characterized by soil

Table 11 List of indicators of system diversity

Indicator (unit) Calculation Input data Example of
methods

Diversity of
cultures
(points)

Indirect assessment through
diversity of arable crops and plot
size

Crop structure, their
distribution in plots,
plot size

Indigo

Diversity of crop
species
(index)

Shannon index Total area of individual
crops in a given year

KUL/USL,
KSNL,
REPRO,
DLG

Biodiversity
(points)

Combination of ecological quality
of areas and plot size

Zones of ecological
compensation, plot
size (of low diversity)

RISE

Area of high diversity
Mean size of plot

(ha)
Median Acreage of plots KUL/USL,

REPRO
Proportion of

ecologically
valuable
areas (%)

Proportion of agriculturally
unemployed ecologically
valuable areas to the enterprise
cadastre area

Acreage of agriculturally
unemployed
ecologically valuable
areas

KUL/USL,
KSNL,
REPRO

Proportion of soil
long term in
rest (%)

Proportion of set aside land to the
total cultivated soil area within
the enterprise

Acreage of set aside
areas

REPRO

Proportion of
chemically
untreated area
(%)

Proportion of untreated area to the
total cultivated soil area within
the enterprise

Acreage of untreated
areas

REPRO
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reaction changes (Eckert et al. 2000). However, this requires soil analysis;
therefore it is indirectly assessed through soil liming (Lewis and Tzilivakis 1998).
For the estimate of the soil erosion risk, several procedures have been developed,
independently to the sustainability assessment, which are widely used and included
in the methodologies for a complex assessment of agricultural enterprises. This is
for example the ABAG method (Germany) or USLE (USA). These methods have
been adjusted so that they require a relatively large amount of input data, these are
nevertheless easily available. The methods assessing the risk of soil compaction
require quite detailed information about the mechanization used in each plot
(Lebert et al. 2007; Rücknagel et al. 2007). The indicators are listed in Table 12.

4 Example of the Methodology for the Czech Republic:
SAGROS

The methodology SAGROS (Sustainable AGROSystems), (Křen et al. 2011, 2012)
is the first complex methodology for sustainability assessment for agriculture
developed in the Czech Republic. It is based on a long-term research in this field
carried out at the Mendel University in Brno since the 90s (Křen and Kostelanský
1996). This research is linked especially to the work of Vereijken (1997), who

Table 12 List of indicators of soil protection level

Indicator (unit) Calculation Input data Example of
methods

Potential of erosion
(t/ha/year)

ABAG method Soil type, frequency and
intensity of
precipitation, length
and slope, crop,
applied anti-erosion
measures

KUL/USL, KSNL

Risk of compaction
(index)

Comparison of soil
resistance to soil
compaction and
pressure generated by
the machinery used

Soil type KUL/USL, KSNL
Work operation, used

machinery

Soil pH (pH) Direct measurement KUL/USL, KSNL
Soil management

(points)
Combination of intensity

of fertilizer and
pesticide use and soil
load by machinery
(Driving force) on one
side and soil status
(State) on the other
side

Soil contamination with
fertilizers and
pesticides,
effect of
mechanization

RISE

Soil state (a) nutrient
supply, C content, pH,
humidity, salination
(b) erosion
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developed a methodology for optimization of farming systems based on cyclic
testing and optimization of measures taken within the farm management. The main
objective of this approach is valid also for present work. Reaching the sustainable
farming practice is based on long-term work with farms, providing them with
sufficient information and appropriate advisory services based on scientific foun-
dations. Further development linked to Bockstaller et al. (2009), Hülsbergen
(2003), Schaffner and Hövelmann (2009), Valtýniová and Křen (2008, 2011). The
SAGROS methodology uses a set of 21 indicators from environmental (8), eco-
nomic (6) and social (7) dimensions (see Table 13). This set of indicators is similar
to those used in the abovementioned methodologies originating in western Euro-
pean countries. The basic framework of the method corresponds with that of
Schaffner and Hövelmann (2009) utilized in the DLG sustainability standards.
However, calculation was adjusted for the needs and possibilities of the Czech
conditions linking to the range of the research done in the country in the issues of
individual indicators.

Data sources for the calculations are defined according to records obligatory for
the Czech farmers and within the public available statistics and information. This

Table 13 Overview of indicators in SAGROS methodology. (Křen et al. 2011)

Dimension of
sustainability

Area of use Indicator Unit

Environmental Water and air Nitrogen balance kg/ha
Resources use Phosphorus balance kg/ha

Potassium balance kg/ha
Organic matter balance t/ha
Specific energy consumption MJ/CU

Diversity Intensity of plant protection %
Soil erosion –
System diversity potential Compilation of 11

indicators
Economic Stability Farm income CZK/ha

Net margin CZK/ha
Indebtedness %

Liquidity Gross margin CZK/ha
Liquidity index

Profitability Profitability CZK/ha
Social Work and

employment
Salary %
Working hours hours/week
Holidays Days
Education and training %
Safety and health protection

at work
index

Workers participation index
Social

engagement
Social engagement points

CU cereal unit
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is important for the practical feasibility of the method and it influences reliability
of the results as farmers are not forced to create additional records and analysis
only for the purpose of the sustainability assessment. Reference values of the
indicators are set according to the legislation and production conditions in the
country and in some cases are distinguished regarding the production regions or
other conditions. The normalization function is linear, defined by three main
points: optimal value (1), the lowest value considered as sustainable (0.75) and
unacceptable value (0), (see Fig. 3).

Example of the phosphorus balance calculation:
PB P—PO (±PC),
PB (kg P/ha) Phosphorus balance for particular field,
PF (kg P/ha), Phosphorus input in organic and inorganic fertilizers,
PO (kg P/ha-1) Phosphorus output (consumption by products harvested from the

field),
PC (kg P/ha) Correction according to soil analysis (non-compulsory).

The calculation is performed for each field on the farm and these results are
aggregated to the farm level using the method of weight arithmetic mean. Infor-
mation about phosphorus income comes from compulsory agronomic records
about fertilization. The value of phosphorus output is calculated based on yield of
main- and by-products using standard tabular data about nutrients consumption by
crops per unit of the product (Klír et al. 2008). The correction value is based on
Work Procedures for Agrochemical Testing of Agricultural Soils in the Czech
Republic (Klement 2011). An example of a calculation is given in Table 14.

Fig. 3 Example of
normalization function for
phosphorus balance (Křen
et al. 2011)

Table 14 Phosphorus
balance calculation for
summer barley crop (kg P/ha)

Total P output (PO) 21.73 kg P/ha
- P consumption - main product (5,3 t/ha) 18.55 kg P/ha
- P consumption - by-product 3.18 kg P/ha

Total P input (PI) 25.85 kg P/ha
- Organic fertilisers 3.18 kg P/ha

- Straw 3.18 kg P/ha
- Green manures 0 kg P/ha
- Farmyard manures 0 kg P/ha

- Mineral fertilisers 22.67 kg P/ha
P balance (PB) 4.12 kg P/ha
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Calculated value 4,12 kg P/ha corresponds, according to the normalization
function, to the optimum range and therefore the indicator final value is 1.

5 Conclusions

The above-discussed and described sets of indicators were created for the
implementation of the concept of sustainable development in agriculture, political
decisions support and its communication with the public, but also for design and
optimization of farms. For this purpose we have selected such indicators that, taken
together, provide a comprehensive picture of the examined agrosystem (at the
level of user engagement—farm, region, state…) and that individually constitute
significant characteristics representing its key features and interaction with the
surroundings. The sets of indicators enable in varying degrees to perform a
comprehensive analysis of agrosystems focused on sustainability assessment of
farming practices at different levels (field, farm, zone, state, region etc.). Indi-
vidual indicators should provide information about the state of the certain
dimension of sustainability (environmental, economic, social and governance).

The sources of data and information used as indicators or for their determi-
nation should meet the following requirements:

• high quality statistics, regular monitoring and on a reasonable relationship
between costs and predicative ability;

• determination of methodology should be sufficiently exact and reflect the current
state of scientific knowledge of the issues described;

• fulfillment of international standards and their usability in modeling or
forecasting;

• user-friendliness, which means to be used successfully if parameters of indi-
cators may be logically understood and interpreted;

• contain exact thresholds (reference values) allowing comparison and determi-
nation of their evidence.

For the proper interpretation of sustainability assessment results it is necessary
to know the methodology of determination of individual indicators and draw
conclusions only by respecting the true nature of the indicators used. Despite
considerable development in recent years, an objective sustainability assessment
still faces some problems. In the systems of created indicators used at a national,
regional and EU level, where the character of monitoring prevails, the main
problems are the compatibility of indicators and the reliability of used data. For a
number of used indicators the absence of the thresholds determination makes the
interpretation of the assessment difficult. In addition, at higher levels it is necessary
to take into account that the values of the indicators are average figures repre-
senting a large land area and involving a large variability and uncertainty of real
values. The methods designed for farm level can follow an evaluation of corporate
accounting and economic analysis. High quality documentation is already been

Sustainability Indicators: Development and Application 95



done in many farms today. Herein farm-wide, comprehensive indicators evaluation
is beyond the official requirements but offer a chance for extensive and suitable
evaluation of the state of the farm including sustainability assessment.

However, these comprehensive analyses have not yet found a wider introduc-
tion in practice. The reasons can be simply summarized in a question ‘‘Why in the
existing bureaucratic conditions with plenty of legal requirements should further
evaluation system be established?’’ Actually, many working operations on farm
must be documented. Usually they are accurate records of the product or the
production processes. Gathering the necessary data creates, for the benefit of farm
managers a large number of options and supporting documents for practical
decision-making. Results of analyses can also be used for the certification of the
farm and improvement of its public relations, or to assess the future prospects of
the farm.

The possible synergistic effects with other documentation or evaluation systems
and the immediate financial benefits should also be emphasized. In the medium
term the integration of developed systems of indicators with existing data records
appears to be a prerequisite for their adoption by farmers, allowing the possibility
of extending their use while minimizing costs. For this purpose attention should be
focused on the needs of users, especially farm managers. To realize the target
ideas—improving the sustainability of agricultural production—it seems to be a
fundamental principle of voluntary participation in the evaluation.

From a broader perspective, for all levels of use of the sustainability indicators
(farm, region, state, EU, OECD, FAO) it is desirable to ensure standardization and
uniform reporting of the data collection.

All of these are challenges for serious and objective research in this area
ensuring the sustainable development of agriculture.
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Crosslinking Eco-innovation in Service
and Manufacturing Industries
and Knowledge and Operational
Industry Orientation
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Abstract Several researchers have studied eco-innovation in order to understand
the defining characteristics of companies that consider the environment to be a
priority when innovating. However, most studies have focused on manufacturing
industries, whereas the service industry economic model is dominant in developed
nations. This chapter assesses the similarities and differences among four groups of
service and manufacturing industries: Knowledge Manufacturing, Operational
Manufacturing, Knowledge Service and Operational Service. Empirical research
on a set of Spanish firms shows that the variables affecting the eco-innovative
orientations of firms are similar, but with some key differences. The conclusions
may help public policymakers plan actions to strengthen environmental proactivity
while innovating according to the industry’s characteristics.

Keywords Eco-innovation � Service industry � Manufacturing industry

M. Segarra-Oña (&) � A. Peiró-Signes � M. Miguel-Molina � B. Miguel-Molina
Universitat Politècnica de València, Valencia, Spain
e-mail: maseo@omp.upv.es

A. Peiró-Signes
e-mail: anpeisig@omp.upv.es

M. Miguel-Molina
e-mail: mademi@omp.upv.es

B. Miguel-Molina
e-mail: bdemigu@omp.upv.es

M. Segarra-Oña � A. Peiró-Signes � M. Miguel-Molina � B. Miguel-Molina
INERTE, International Network Research on Tourism and Environment, Valencia, Spain

M. G. Erechtchoukova et al. (eds.), Sustainability Appraisal: Quantitative Methods
and Mathematical Techniques for Environmental Performance Evaluation,
EcoProduction, DOI: 10.1007/978-3-642-32081-1_5,
� Springer-Verlag Berlin Heidelberg 2013

105



1 Introduction

Porter and Van der Linde (1995), Esty and Winston (2006) pointed out the
relationship between being sustainably concerned (‘‘green’’) and competitiveness.
Since then, studies in this area have attempted to disentangle the underlying factors
of superior performance and sustainable relations (Russo and Harrison 2005; Da
Silva et al. 2009; Gázquez-Abad et al. 2011).

Understanding why some firms are going beyond legislation and to examine the
defining characteristics of firms that consider the environment to be a priority when
innovating. Environmental attitude or environmental management are thus crucial
variables to be analyzed when we talk about sustainable development-related
aspects (Kemp and Pearson 2009; Tietze et al. 2011; Da Silva et al. 2009).
However, social pressure (Kuik et al. 2006; Blischwitz et al. 2009; Kalantari and
Asadi 2010), public policies (Chappin et al. 2009; Telle and Larsson 2007;
Pohoryles 2010) and environmental regulations (Pirani and Secondi 2011; Rivas
and Magadán 2010) are also leading knowledge and research in this direction.

The manufacturing industry and its environmental implications have been widely
studied, whereas the service sector has received less attention even though the current
economy seems to be mainly service-oriented (Montresor and Marzetti 2011). The
service-based economy’s rapid growth and greater influence, not only in developed
countries (Sharma et al. 2007; Lay et al. 2010) but also in emerging economies, is
pushing us towards a higher productivity growth trajectory (Joshi 2010).

Eco-innovation is generally understood as any innovation that reduces envi-
ronmental damage, but its precise definition is still under review. Carrillo-
Hermosilla et al. (2010) compiled 16 definitions for eco-innovation, which
suggests that it is a multidisciplinary concept that can be studied from different
angles: social issues, public policy and regulations, economic benefits and reve-
nues and strategic and managerial concerns (Kemp 2010; Mossalanejad 2011).
However, research on this field concerning industry type is still limited.

There is an important shift away from economies that are dependent upon
material resources and low-level workforce to economies that utilize knowledge as
the key source of competitiveness and innovation. In addition, manufacturing and
service taxonomies have pointed to this differentiation, such as that proposed by
the OECD based on direct and indirect R&D intensity.

In this study, we address the relevance of analyzing the differences in manu-
facturing versus service and knowledge-based versus operational-based companies
that carry out eco-innovative activities. As a first step, we present the conceptual
framework of the study and specify the hypothesis. Then, we introduce the
methodology and data set used in the study. The empirical analysis based on the
PITEC1 Spanish database (2009) onto the analysis and interpretation of the results.

1 Technological Innovation Panel (PITEC) is a statistical tool for the follow-up of activities on
technological innovation of the Spanish companies, result of the team work among Nation Statistics
Institute (INE), FECYT and COTEC Foundation, with advising of a university researchers group.

106 M. Segarra-Oña et al.



We conclude the chapter with some remarks, limitations and further research
orientations.

2 Theoretical Approach

Environmental proactivity and innovation affect the competitive positioning of
companies (Hitchens et al. 2005; Esty 2006) by transforming existing markets and
creating new ones (Beise and Rennings 2005; González-Benito 2010). De Marchi
(2011) studied firms’ innovative behavior as measured by R&D investment, while
Segarra-Oña et al. (2011) highlighted that eco-innovation is positively affected by
the size and export orientation of the firm. However, the effects of eco-innovative
activities have not been studied from other important angles.

Indeed, characteristics that should be considered include the higher cooperation
and more intense relationship that eco-innovative firms establish with suppliers,
the reach of the general theory of global chain support to achieve greater com-
petitiveness sharing resources and knowledge and putting the absorptive capacity
into value.

Regulations are affecting the rapid development of this field of study (Hellström
2007; Chappin et al. 2009). The key aspects of businesses turning green (Rennings
2000; Gabaldón et al. 2003; Rehfeld et al. 2007; Hu et al. 2010; Del Río et al.
2011) or how previous innovative levels positively affect the environmental
orientation of companies (Jaffe and Palmer 1997; Wagner 2008a; De Marchi 2011;
Segarra-Oña et al. 2011) have also been considered.

Carrillo-Hermosilla et al. (2010) addressed how eco-innovation influences new
business start-ups and contributes to building a more sustainable society, high-
lighting the importance of collaboration among different stakeholders. At a deeper
level, some facilitators of and barriers to eco-innovative behavior or orientation
have also been identified, such as the lack of absorptive capacity or highly
educated human resources (Chen and Huang 2009), the maturity of the firm
(Molero and García 2008; Cainelli et al. 2011) and an industry’s technological
level (Peiró-Signes et al. 2011). However, the differences between manufacturing
and services industries or knowledge-based and operational-based industries have
not been addressed until now.

Forsman (2011) made a significant contribution by comparing patterns of
innovative behavior between manufacturing and services, indicating as had Sirilli
and Evangelista (1998), that there are no significant differences between them.
However, they found some differences regarding the size of firms, service indus-
tries and types of innovations.

Cainelli et al. (2011) found a negative relation between environmental
innovative strategies and employment, turnover and productivity in services firms.
This study, which links eco-innovation and service firms, seems to be an exception
but, crucially, it did not focus on linking the eco-innovative orientation of firms
with their belonging to manufacturing/services industries or to knowledge-/
operational-based industries. The present study bridges this gap by determining the
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similarities and differences between four industry groups, namely Knowledge
Manufacturing, Operational Manufacturing, Knowledge Service and Operational
Service. Companies’ internal decisions and public policy to promote a greener
orientation in their innovative activities are then addressed.

2.1 The Urgency to Address a Proper Approach
to Eco-innovation

National eco-innovation policies in EU countries are a key part of sustainable
development and economic growth strategies (Burciu et al. 2010; Kemp and Oltra
2011; Berger et al. 2001). Nevertheless, few studies of eco-innovation in services
or in knowledge-/operational-based industries have been carried out. The need to
address different proactive environmental strategies depending on the type of
industry of the company is thus necessary (Sharma et al. 2007; Hipp and Grupp
2011).

In every industry, ‘‘cleaner production’’ and ‘‘eco-innovation’’ are popular
topics (Schnitzer 1995). However, environmental innovation has been mainly
studied from a manufacturing industry perspective (Wagner 2008b; Ziegler and
Seijas-Nogareda 2009; Del Río 2010; Peiró-Signes et al. 2011) due to its closeness
to environmental technology issues.

The importance of service in manufacturing industries (Lay et al. 2010), the
increasing tertiarization of the economy (Peneder et al. 2003) and its impact on the
economic growth (Genaro and Melchor 2010) coexist with the movement in
developed markets to switch to a knowledge-based economy. Crosslinking the
driving forces and distinctive characteristics of eco-innovative activities in man-
ufacturing/service and knowledge/operational industries thus remains an open field
for researchers and cannot be treated as though it has the same bases and char-
acteristics. Therefore:

Hypothesis 1 Industries’ eco-innovation orientations differ depending on their
characteristics.

Hypothesis 1a Manufacturing and service industries’ eco-innovation orienta-
tions differ.

Hypothesis 1b Knowledge- and operational-based industries differ.

2.2 Environmental Concern as a Distinctive Firms
Characteristic

The evolution of firm activities for the sustainable production of goods and ser-
vices has been thoroughly studied over the past decade (Machiba 2010). Several
authors have assessed what factors influence companies to move towards
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environmentally friendly decisions and activities. In this line of study, González-
Benito (2010) identified the main stakeholders’ governmental and nongovern-
mental dimensions that influence attitude towards the environment, showing that
environmental awareness among managers, internationalization and industry play
a key role. Further, since Nidumolu et al. (2009) pointed out the capabilities
needed to improve the stages to lead a company towards the creation of best-
practice platforms of change, there is general agreement about environmental
management as a social variable (see Sartorius 2006).

Further, Biondi et al. (2002), Berkhout (2005), De Marchi (2011), Segarra-Oña
et al. (2011) all studied eco-innovation drivers, concluding that size, export ori-
entation and innovative R&D activities are crucial to eco-innovative development
at the firm level. However, few studies have used the reverse perspective to assess
what types of firm characteristics establish the eco-innovative orientation and
activity of a company. Therefore:

Hypothesis 2 Knowledge- and operational-based industries’ eco-innovation
orientations differ.

From the second hypothesis, we can expect different characteristics to drive the
environmental orientations of firms in different industries. Thus:

Hypothesis 3 Firms that have an environmental orientation differ depending on
the type of industry.

3 Research Methods

3.1 Data Collection

Data for this study were collected from the PITEC database, a statistical tool that
monitors the technological innovation activities of Spanish companies. The
(Spanish National Statistics Institute) INE maintains this database with the advice
of academics and experts. The first available dataset is from 2004, and it is updated
yearly to include a comprehensive list of Spanish companies that are characterized
by the type of innovation they undertake (classified by the Oslo Manual 2005), by
industry (in line with the Spanish National Activities Classification, CNAE) and by
geographical location. A total of 255 variables are analyzed in the database.
Affiliate-level information is not available, as data are taken from an anonymous
macroeconomic survey.

We used the last dataset available (2009) to analyze 7,798 firms from a total of
12,817 across all types of industries included in the database. In total, 2021 firms
were dropped from the first survey in 2003, although they remain in the database in
order to maintain the identification number over time. Therefore, of the 10,796
remaining firms, 2,994 were omitted because they could not be classified as ser-
vices or manufacturing (e.g. the building/construction sector) or had not answered
the main question regarding their environmental orientation when innovating.
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We also disregarded those cases that had a lack of data on the variables used in
this study.

To evaluate the environmental orientation of the firm while innovating we used
the variable Objet11. Objet11 in the PITEC database measures how essential it is
for firms to improve their environmental impact while innovating. The PITEC
database considers the importance of environmental impact improvement by firms
when innovating as particularly important (1) important (2) not so important
(3) and not considered or not important (4) Previous works (e.g. Segarra-Oña et al.
2011) have demonstrated that distinguishing between groups 1/2 and 3/4 is
challenging, as there is no clear division among groups. Therefore, we created a
dummy variable that distinguishes between orientated (1) and low/unoriented (0)
firms. We called this variable Objet11 mod.

Then, we classified firms’ environmental orientation as oriented or unoriented.
We also classified firms by type of industry: Knowledge Manufacturing, Opera-
tional Manufacturing, Knowledge Service and Operational Service. Knowledge-
and operational-based industries were classified by considering whether the labor
force in those industries requires a higher education degree. First, we used the two-
digit CNAE classification to classify each industry into one of the four mentioned
groups (see Table 1). Therefore, we used the variable ‘‘ACTIN’’, which represents
the activity classification number (CNAE) for each firm in the survey to match
each firm to the corresponding group.

We also wanted to check for the eco-innovation orientation evolution of each of
the groups, so we extracted data on Objet11 mod from 2004 to 2008. We did not
consider 2003, as this question was not in the survey at that time. Further, the
variable designation was changed in 2008, so previous data were taken from the
variable Efecto8, which measured exactly the same issue from 2004 to 2007.
Figure 1 shows the percentage of firms according to their environmental orienta-
tion for each of the groups.

According to this classification, the firms in each group show different char-
acteristics (Table 2). We added median values to limit the impact of outliers on
mean values. As expected, R&D expenses and workforce importance were higher
in the knowledge-based firms category. We should emphasize that, in general,
service firms showed higher sales as well as investment and size values, which
point to the fact that the economy has already turned into a service-based

Table 1 Manufacturing versus Service and knowledge-based versus Operational-based indus-
tries classification. CNAE codes

Knowledge Operational

Manufacturing 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30

10, 11, 12, 13, 14, 15, 16, 17, 18, 31, 32

Service 33, 61, 62, 58, 59, 60, 63, 64,
65, 66, 72, 85, 86, 87, 88

35, 36, 37, 38, 39, 45, 46, 47, 49, 50, 51, 52, 53,
55, 56, 68, 69, 70, 71, 73, 74, 75, 77, 78, 79,
80, 81, 82, 90, 91, 92, 93, 95, 96
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economy. According to theoretical implications, we selected 50 variables (repre-
sented in Table 3) to characterize these firms.

As several of these items might show similar constructs, and because under-
lying relations between these variables have not been specifically identified, we
used factor analysis to develop reliable multiple-item measures for each of the
underlying theoretical constructs (Hair et al. 1998). Eigenvalues exceeding the
accepted cutoff value of 1.0 were not retained in the supplementary data analysis.
Together, the 10 retained factors explained about 67.69 % of the variance in the
data. In order to increase interpretability we performed a Varimax rotation on the
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50%

60%

2004 2005 2006 2007 2008 2009

Knowledge Manufacturing Operational Manufacturing

Knowldge Service Operational Service

Fig. 1 Environmental
proactivity evolution.
Percentage of firms by type of
industry

Table 2 Groups by type of industry

Knowledge
manufacturing

Operational
manufacturing

Knowledge
service

Operational
service

Sales (M€) Mean 52 37 113 88
Median 6.9 6.9 3 7.7
Standard

Deviation
265 107 628 467

Investment
(M€)

Mean 1.63 1.88 5.45 10.9
Median 0.06 0.05 0.03 0.02
Standard

Deviation
9 16 42 130

Size
(workers)

Mean 166 140 374 583
Median 44 48 41 80
Standard

Deviation
562 298 1,467 2,495

R&D
expenses (M€)

Mean 1.79 0.41 2.5 0.42
Median 0.153 0.027 0.11 0
Standard

Deviation
9.707 1.72 20.491 2.373

R&D
workers

Mean 13 5 17 4
Median 4 0 2 0
Standard

Deviation
37 12 58 20
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identified principal components. Then, we assigned items to the factor on which
they had the highest loadings. Previously, we eliminated the items that loaded on
multiple factors and maintained loadings of at least 0.4 on at least one factor (see
Table 4).

We have labeled each of the 10 factors shown in Table 4 for a better under-
standing of variable grouping.

Since the scales developed via factor analysis are new and have not been
validated, we must take care to assess the inter-item reliability of the items
comprising each scale. Cronbach’s coefficient alpha was thus used to determine
inter-item reliability, with alpha values of 0.70 or higher considered to represent
acceptable reliability for established scales and 0.60 being acceptable for new
scales (Hair et al. 1998). From this analysis, we concluded that the scales comprise
reliable items.

Regression factor scores were then extracted to be used in the subsequent
analysis. We considered (Hair et al. 1998) cutoff levels, above 0.6 ‘‘high’’ and

Table 3 Selected variables from the PITEC database

PITEC variables Function
type

Explanation

MDOUE D. 1 = Exports to the EU, 0 = Does not export to the EU
OTROMDO D. 1 = Exports worldwide, 0 = Does not export

worldwide
FINAi (i = 1, 2, 3) Cat. Firm receives public financial support from

administration at different levels (local, state or
national level)

INNFUN 0–100 Basic research
INNAPL 0–100 Applied research
DESTEC 0–100 Technological development
FACEi (i = 1, 2, 3) Cat. Importance of external factors in hindering innovation

(lack of internal and external financial support, high
innovation costs)

FACIi (i = 1,..,4) Cat. Importance of external factors in hindering innovation
(lack of qualified employees, technologic and
market information and cooperation partners)

OTROFACi (i = 1..4) Cat. Importance of other factors in hindering innovation
(uncertain demand, dominated market, no
innovation need)

FUENTEi (i = 1,…,10) Cat. Importance of information (universities, papers, …)
INORGNi (i = 1, 2, 3) Cat. Organizational innovations (t-2, t)
INCOMNi (i = 1,..,4) Cat. Commercial innovations (t-2, t)
OBJET
(I = 1,..,10, 14–16)

Cat. Importance of some objectives (increase market share,
increase penetration, cost savings, increase of
quality, increase flexibility, increase capacity,
energy savings, material savings, …) while
innovating

Categorical variables: 1 = High; 2 = Medium; 3 = Low; 4 = Not considered or not important.
Dichotomous variables: 1 = Yes; 2 = No
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those below 0.4 ‘‘low’’, to help the factor understanding and labeling rooted in
theory. Note that the regression scores have an average of 0, implying that firms
show positive evidence that they score over the mean and vice versa.

Finally, in the methodological analysis, we used discriminant analysis to
classify the dependent variable, the environmental orientation of the firm, using as
predictors a set of independent variables. The discriminant analysis checks whe-
ther the selected variables accurately predict the environmental orientations of
firms. Therefore, this study establishes a discriminant prediction equation that
allows us to classify cases into groups according to their environmental orientation
and to assess differences between or among groups. The discriminant function
maximizes the differences between the values of the dependent variable in order to
differentiate a case into categories of the dependent variable based on the values on
the independents.

Structure coefficients show the correlations between a given independent var-
iable and the discriminant scores associated with a given discriminant function.
These are used to describe how closely a variable is related to each function.
Therefore, four discriminant models were developed to examine if there are dif-
ferences in the independent variables that describe the environmental orientation
in each of the four groups of industries. Models were based on the 10 factors
(independent variables) considered and assumed that firms were originally clas-
sified into two groups (dependent variable).

4 Analysis and Results

First, we found that manufacturing firms display significantly higher orientations
towards environmental aspects while innovating compared with service firms
(Fig. 1). As the sample omitted cases that lacked information about the variables
needed, we checked the statistics for the whole database, and it followed the same
pattern. This result might be due to the strong environmental regulations in
manufacturing industries compared with in service industries.

We can also see that Knowledge Manufacturing firms show higher orientations
than Operational Manufacturing firms, while on the service side a higher per-
centage of Operational Services companies have an environmental orientation
compared with Knowledge Service companies. By 2009, more than half of
manufacturing firms were environmentally oriented, while the percentage for
service firms was between 30 and 40 %.

These results show the slow progress towards environmental aspects. Around
6 % of service firms and 5 % of manufacturing firms have changed from not or
low oriented to medium or high oriented over a five-year period. However, an
average of almost 1 % of companies reverse their orientations towards environ-
mental aspects every year Table 5.

Although Hypothesis 1 shows that manufacturing firms are more concerned
about environmental aspects compared with service firms, the slow evolution of
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environmental concern over time is remarkable. Therefore, we explored the
characteristics driving the environmental orientations of firms. We first checked
the discriminant analysis results for each of the groups. Table 6 shows the coef-
ficients for the discriminant function in each group, as well as the Wilk’s lambda
and mean scores (Hair et al. 1998). Note that as the predicted variable (Objet11
mod) is a dichotomous variable, there is only one discriminant function in each
case.

The coefficient signs indicate the way in which the factor acts. For example, as
factor 3 coefficient is positive and factor 3 scores are more negative, the higher the
cost reduction orientation is; thus, the discriminant function is more negative,
the higher is the cost reduction orientation of the firm. Therefore, we can say that
the higher the cost reduction orientation the most likely a firm is to be environ-
mentally oriented. In addition, we present the centroids means for each of the two
groups, oriented and low/unoriented, and for each of the four types of industries.
The samples had a mean of 0.00 and a standard deviation of 1.00 to allow easy
comparisons between groups. The discriminant function scores were standardized.
Table 7 shows the relative positions of the cluster means along the discriminant

Table 5 Standardized canonical discriminant function coefficients and groups means for service
firms

Factors Knowledge
manufacturing

Operational
manufacturing

Knowledge
services

Operational
services

Internal factors affecting
innovation

0.052 0.139 0.129 0.077

New product and market
development

0.550 0.556 0.183 0.498

Cost reduction orientation 0.744 0.729 0.793 0.674
Market innovations -0.177 -0.118 -0.140 -0.170
Labor quality

improvement
orientation

0.506 0.545 0.570 0.602

External information
sources

0.412 0.348 0.459 0.452

External factors affecting
innovation

0.101 0.056 -0.063 0.079

Organizational
innovations

-0.256 -0.208 -0.175 -0.157

Process innovation -0.192 -0.082 -0.055 -0.060
Export orientation -0.104 -0.055 -0.147 -0.038
Wilks’ lambda 0.666 0.622 0.754 0.663

P \ 0.001 P \ 0.001 P \ 0.001 P \ 0.001
Mean scores
Group 1 (not/low

oriented)
0.778 0.779 0.356 0.567

Group 2 (oriented) -0.644 -0.779 -0.914 -0.896
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axis for each type of industry. The large gap between centroids typifies the highly
polarized results shown later.

The structure coefficients (Table 8) are pooled by within-group correlations
between the independent variables and standardized canonical discriminant
functions in order to allow us to determine the relative importance of each inde-
pendent variable. The sign of the structure coefficient also shows the direction of
the relationship. This statistical technique looks for the statistical significance of
functions; however, the discriminant functions should also perform well in clas-
sifying firms into their original groups.

Table 9 presents the classification results based on the discriminant function of
each group. The existing classification based on the environmental orientation
variable value (Objet11 mod) is shown in the rows and the predicted group based
on the discriminant functions in the columns. Correct predictions are shown on the
main diagonal, while the other cells represent misclassified companies.

These models show a number of similarities. Some variables are crucial in
determining the environmental orientations of firms. Cost reduction orientation has
the highest discriminant function value in all cases. Labor quality improvement
orientation and new product and market development are also crucial in

Table 7 Classification results for the original cases in operational manufacturing industries

Operational
manufacturing

Predicted

0 1 Total

Actual 0 905 (74.06 %) 317 (25.94 %) 1,222
1 235 (19.23 %) 987 (80.77 %) 1,222
Total 1,140 1,304 2,444
0 903 (73.9 %) 319 (26.1 %) 1,222
1 238 (19.48 %) 984 (80.52 %) 1,222
Total 1,141 1,303 2,444

Maximum chance criterion = 50 %; Proportional chance criterion = 50 %; Hair et al.
Criterion = 62.5 %

Table 6 Classification results for the original cases in knowledge manufacturing industries

Knowledge
manufacturing

Predicted

0 1 Total

Actual 0 647 (69.87 %) 279 (30.13 %) 926
1 240 (21.45 %) 879 (78.55 %) 1,119
Total 887 1,158 2,045
0 647 (69.87 %) 279 (30.13 %) 926
1 243 (21.72 %) 876 (78.28 %) 1,119
Total 890 1,155 2,045

Maximum chance criterion = 54.72 %; Proportional chance criterion = 50.45 %; Hair et al.
Criterion = 63.06 %
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determining the environmental orientation of the firm, but new product and market
development is less important for knowledge service firms than for the other
groups. Finally, external information arises as the fourth element in importance.
We can thus verify Hypothesis 2, as strategic orientation characterizes the envi-
ronmental orientations of firms to some degree.

The negative coefficients are due, on one hand, to the standardized factor scores
and, on the other hand, to the way of categorizing multinomial variables (1 = high
to 4 = no relevant). For example, highly environmentally oriented firms have
lower scores (negative scores, as regression scores have a mean of 0) than
unoriented firms in factors 2 and 3, namely new product and market development
and cost reduction orientation while innovating. In other words, highly environ-
mentally oriented firms place more weight on new product and market develop-
ment and on cost reduction than those firms with less environmental responsibility.
By contrast, the discriminant coefficients for market or organizational innovations
are negative, while the factor scores for these factors are positive if the firm
introduces market or organizational innovations. Therefore, the higher the number
of market or organizational innovations the firm has introduced in recent years, the
higher is the factor score (positive) and the more negative is the resulting

Table 9 Classification results for the original cases in operational service industries

Operational
services

Predicted

0 1 Total

Actual 0 775 (74.88 %) 260 (25.12 %) 1,035
1 143 (21.83 %) 512 (78.17 %) 655
Total 918 772 1,690
0 770 (74.4 %) 265 (25.6 %) 1,035
1 146 (22.29 %) 509 (77.71 %) 655
Total 916 774 1,690

Maximum chance criterion = 61.24 %; Proportional chance criterion = 52.53 %; Hair et al.
Criterion = 65.66 %

Table 8 Classification results for the original cases in knowledge service industries

Knowledge
services

Predicted

0 1 Total

Actual 0 778 (73.47 %) 281 (26.53 %) 1,059
1 114 (27.6 %) 299 (72.4 %) 413
Total 892 580 1,472
0 773 (72.99 %) 286 (27.01 %) 1,059
1 115 (27.85 %) 298 (72.15 %) 413
Total 888 584 1,472

Maximum chance criterion = 71.94 %; Proportional chance criterion = 59.63 %; Hair et al.
Criterion = 74.54 %

118 M. Segarra-Oña et al.



discriminant function. Since a negative value of the discriminant function reflects
the highest chance of being environmentally oriented, we can conclude that firms
that introduce market or organizational innovations are more likely to be envi-
ronmentally oriented that those that do not.

Wilk’s lambda tests the significance of each discriminant function. All Wilk’s
lambda values show significance at a p value of 0.001. In addition, cross-validation
classification showed small differences among groups. These results confirm that
the model would provide similar results in a wider context.

Note that the hit ratio must be compared to the percentage that would have been
correctly classified by chance (50 % if the groups had been equally split) or the
expected percentage (50.45 % Knowledge Manufacturing, 50 % Operational
manufacturing, 59.63 % Knowledge Service and 52.53 % Operational Service),
which is also called the proportional chance criterion. Following Hair et al. (1998)
recommendations, we tested classification accuracy by calculating whether the
percentage of correct classification was at least 25 % higher than the proportional
chance criterion for each discriminant model (1.25 * 50.45 % = 63.06 %
Knowledge Manufacturing, 62.5 % Operational manufacturing, 74.54 % Knowl-
edge Service and 65.66 % Operational Service).

As shown in Table 5, the classification accuracies for the estimated models
were 74.6, 77.4, 73.2 and 76.2 % for Knowledge Manufacturing, Operational
manufacturing, Knowledge Service and Operational Service, respectively, which
are higher than the maximum chance criterion and higher than the threshold
suggested by Hair et al. (1998). Only Knowledge Service is slightly lower than
Hair et al.’s criterion (73.2 Vs. 74.54 %), but we should take into account that the
higher the group size difference (higher proportional chance criterion) the harder it
is to meet Hair et al.’s criterion. Then, we can consider this to be an acceptable
model in this case.

Cross-validation was used over a hold-out sample to further validate the dis-
criminant models as suggested by leading statisticians (Hair et al. 1998). Each case
was classified using a discriminant function based on all cases except the given
case. As Table 7 shows, these cross-validated cases were classified as exceeding
the proportional chance criterion, maximum chance criterion and Hair et al. (1998)
criterion, except for Knowledge Service in relation to Hair et al.’s criterion as
mentioned before.

These results support the finding of no large differences between manufacturing
and service firm characteristics according to their environmental orientations,
thereby rejecting Hypothesis 3. Although there was a small difference in the new
product and market development factor in knowledge services, the main factors
affecting the environmental orientations of firms remain the same regardless of
whether they belong to manufacturing or services industries or to knowledge- or
operational-based industries. It is remarkable, as we said before, that the models
are quite proficient in classifying cases, which indicates that these variables would
be particularly useful to discriminate between oriented and low/unoriented firms.
This could determine those aspects to be worked out to steer the companies
towards environmental concerns.
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5 Discussion, Conclusions, Limitations,
and Further Research

The increasing importance that society, business and government place of envi-
ronmental concern makes it crucial to understand the distinctive characteristics of
eco-innovations in order to develop specific eco-innovative promotion programs
(Peiró-Signes et al. 2011). The objective of this study was to determine, empiri-
cally, the similarities and differences between the characteristics of manufacturing
and service and knowledge- and operational-based firms according to their envi-
ronmental orientations. Although the economies in developed countries are
increasingly based on services and knowledge, eco-innovation has not been
studied regarding these considerations. It is thus necessary to deepen our knowl-
edge of the impact of firm characteristics on environmental orientation to deter-
mine the policies and strategies to promote this direction.

The results provide several compelling insights. The first result suggests that
manufacturing firms show higher orientations towards the environment compared
with service firms, supporting theories that state that the manufacturing industry is
leading the green revolution (Jovane et al. 2008; Wagner 2007; Johnstone and
Labonne 2009). This could be explained by the regulation applied to manufac-
turing firms compared with service firms (Demirel and Kesidou 2011; Heyes and
Kapur 2011; Mickwitz et al. 2008). In addition, stakeholders’ stronger feelings
about the environmental impact of manufacturing industries press manufacturing
firm managers to focus on environmental aspects more than service managers
might (González-Benito. 2010). We also found that knowledge-based manufac-
turing firms have higher concern about environmental aspects than operational-
based manufacturing firms, whereas in services it is the other way round.

Furthermore, the second result of this research confirms previous findings
(Segarra-Oña et al. 2011), showing highly polarized positions in environmental
aspects. We are able to describe accurately a firm’s environmental orientation. An
environmental company is highly concerned about cost reduction and labor quality
as well as about developing new products and markets and it sees external
information sources as relevant. In other words, firms are concerned about internal
and external operational improvement, in the same direction that previous studies
indicated (Zhu et al. 2006; Dekker et al. 2012), but with empirical demonstration
in our case.

Finally, the analysis confirms that knowledge manufacturing, operational
manufacturing, knowledge service and operational service firms classified
according to their environmental orientations differ little in terms of their opera-
tional objectives and priorities. This finding suggests that only minor differences
can be explained by the particularities of each category. Further, the identification
of the aspects that characterize environmental orientation through the discriminant
analysis is encouraging; the presented models classified about 75 % of firms
correctly, although the classification task is inherently difficult due to the heter-
ogeneity of the four groups.
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Based on these results, it becomes possible to determine which firm behavior
has to be promoted in order to focus on environmental aspects. Moreover, similar
policies can be considered among the four groups of industries studied. According
to the results, environmentally oriented firms are characterized by a dynamic and
‘‘open to change’’ behavior, showing some of the characteristics that can be found
in those companies looking for excellence. The results also indicate that service
firms’ managers should pay attention to the characteristics of manufacturing firms
and their actions to improve their environmental orientations, as such firms are
ahead of service companies in environmental aspects.

The use of the PITEC database is particularly useful, but eco-innovation is not
studied directly. The dependent variable used (Objet11) is defined as the intention
to take into consideration the environment when innovating; however, it has not
been designed specifically to evaluate eco-innovation. Considering both the
implications of the results for a better understanding of green innovation devel-
opment and the limitations found, future studies should aim to extend the analysis
to specific objectives, such as organizational, process, marketing or product eco-
innovations among firms as well as to cover specific industries.
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Trends in ESG Practices: Differences
and Similarities Across Major Developed
Markets

Angel Peiró-Signes and María-del-Val Segarra-Oña

Abstract Over the past decade, there has been a significant growth in corporate
reporting of Environmental, Social, and Corporate Governance (ESG) factors.
Stakeholders strategy can be affected by ESG factors, but also by their relationship
with economic performance. Companies and government should have a deeper
knowledge of the ESG information to be able to manage long-term value creation
and to mitigate risk, so opportunities and threats can be identified properly. ESG
exposure can be important at a company and at an industry level, but also at a
country or area level. In this study we try to identify differences in EGS factors
across countries, continents, and industries, using country-level, area-level, and
industry-level data. We determine the trends in Environmental, Social, and Cor-
porate Governance factors to conclude which are key to improving these ratings.

Keywords ESG ratings

1 Introduction

The increasing importance of Environmental, Social, and Corporate Governance
(ESG) ratings in the investment decision-making process (Kemp et al. 2005) is a
reality. Governments, institutional shareholders, and asset managers, among
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others, are focusing their interests on EGS ratings, which encompass a wide
agenda of issues (Besley and Maitreesh 2007; Vargas-Vargas et al. 2010;
De-Miguel-Molina et al. 2011). ESG concept multi-dimensionality makes it more
difficult to reach clear conclusions for all these groups of interest.

Previous studies have focused on determining the relationship between EGS
scores and economic performance. Some authors suggested that ‘‘good’’ compa-
nies with high ESG scores earn positive abnormal returns (Statman and Glushkov
2009) due either to investors underestimating the benefits of ESG or overesti-
mating its costs, mispricing the value relevance of ESG concerns, or compensation
for risk. On the contrary, other studies show that some good companies earn
negative abnormal returns, also explained as either mispricing or compensation for
risk. At the same time, companies in the alcohol, gambling, tobacco, firearms,
military, and nuclear industries also earn positive abnormal returns (Statman and
Glushkov 2009; Hong and Kacperczyk 2009).

Governments are struggling to determine which kind of policy will increase the
economic results and competitiveness of their companies (Duran et al. 2009;
Kranjac et al. 2012). In this context, ESG information cannot be ignored by
companies and governments if they want to guarantee a correct strategy to face
future scenarios (Melnyk et al. 2003).

Additionally, key performance indicators (KPIs) are of a qualitative nature and
therefore difficult to express in a comprehensive way in order to evaluate them.
Also, these KPIs may vary depending on the rating firm. Bassen and Kovacs
(2008) analyzed an instrument to facilitate the quantification and representation of
such data, aiming to promote standardized qualitative reporting for extra-financial
information.

In this study, we try to give an overview of actual ESG aspects and the evo-
lution in the past five years in order to uncover the trends of ESG company
strategies. We also provide suggestions to policy makers in terms of how to face
future uncertainty.

2 EGS Ratings

This study is based on Thomson Reuters ASSET4’s integrated ratings for the
period 2006–2010, a leading provider of environmental, social, and corporate
governance (ESG) data.

ASSET4 gathers quantitative and qualitative ESG data on 3000+ global com-
panies and scores them on three aspects: Environmental, Social, and Corporate
Governance. We analyze differences and similarities across major markets in
ASSET4 data, which includes information about the company and industry.
Additionally, we have tracked industry scores to identify which industries are
performing better in these scores. In this study, we use the company-level data to
analyze differences and similarities across major developed markets and across
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industries. Although ASSET4 ESG data dates back to 2002, we dismissed data
from 2002 to 2005 because of its scarcity.

Normally, reporting is voluntary, so ESG data are made publicly available by
the companies themselves. Large companies have the resources to issue corporate
social responsibility reports, so these are usually included in the ESG ratings.
Assuming that we are narrowing the scope to address more effectively ESG trends
(Chatterji et al. 2009), we think the results of the reported companies are likely to
represent industry and country trends, as they are facing the same regulations.
However, it can be expected poorer ESG performance for small and medium
enterprises (SMEs) as they do not have as much resources to measure and report
these practices as big companies or corporations.

Companies with the most to hide are the least likely to volunteer poor ESG
practices. Therefore, we can expect higher information for industries that do not
have many controversies, like service industries, and companies in ‘‘exposed’’
industries that want to ‘‘wash’’ their business in front of stakeholders (Melnyk
et al. 2003; Barba et al. 2008; Delmas and Vered 2010).

Furthermore, lower ratings for Environmental, Social, and Corporate Governance
measures imply lower disclosure and/or lower adherence to ESG standards, which,
eventually, may reflect a riskier and more unstable environment for investors.
However, higher economic growth in certain areas and countries, like Asia/Pacific
and BRICS, may enable companies to invest more in ESG practices, to limit ESG-
related costs’ impact in the long term. Then, we should expect a higher ratings
increase in those countries in the next years.

Table 1 shows Asset4 universe distribution by countries and industries taking
into account the last data available. Countries with less than 30 companies where
not included as a single entry on the table. We only reported top industries selected
by the number of companies reported in the study.

As we can see, developed countries have a large number of companies tracked
by the ESG scores. Nevertheless, new developing countries, like those known as
BRICS, are quickly increasing their presence in these scores. There were five
BRICS companies included in Asset4 database in 2006, a number which rose to
212 companies in 2010.

On the other hand, companies in industries with a big share in major econo-
mies’ GPD report more than those industries with a lower share.

Table 2 shows ESG results across five major areas of developed markets.
We use ASSET4’s company ratings across the Environmental (En), Social (So),
and Corporate Governance (CG) to analyze which countries and areas have been
the best and worst performers in ESG metrics, based on the latest data available.
Additionally, we reported Economic and Equally Weighted scores as they were
available for the latest year reported. Economic performance score is based on
client loyalty, economic performance, and shareholders’ loyalty, and the Equally
Weighted scores is an integrated rating which equally weights the scores across the
four ratings.
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The percentages in Table 2 represent the degree to which each country, by the
aggregation of the company information, has implemented policies and initiatives
for Environmental, Social, and Corporate Governance issues.

Table 3 examines ESG scores across industries. The percentages in Table 3
rep-resent the degree to which each industry, by the aggregation of the company
information, has implemented policies and initiatives for EGS issues.

We report, in addition to the mean of the mentioned scores, the median values.
Median values are not influenced by outliers and might represent better the real
position of countries and industries than median values, so we focus on median
values to interpret the data.

We highlight in bold letters the best-in-class country or industry for each of the
five scores and also the worst-in-class country or industry. In Table 2, we
aggregate the countries into four areas or interest groups: Asia/Pacific, Europe,
BRICS, and North America. Aggregated results for each area are shown in Table 2
in italics. As before, we highlight Best-in-Class and Worst-in-Class for the four
areas.

Then, we use the country-level data and area-level data to analyze differences
and similarities across major developed markets and industry-level data and to
analyze them across industries.

Table 1 Asset4 universe (last data available)

Country Ner % Industry Ner %

United States 1,127 28.9 Banking services 291 7.8
Japan 430 11.0 Metal/Mining 248 6.7
United Kingdom 376 9.7 Oil/Gas 200 5.4
Australia 295 7.6 Machinery/Equipment/Components 177 4.8
Canada 291 7.5 Insurance 151 4.1
Hong Kong 116 3.0 Telecommunications services 119 3.2
France 98 2.5 Investment services 116 3.1
Germany 84 2.2 Electric utilities 116 3.1
Switzerland 67 1.7 Software/IT services 115 3.1
South Korea 63 1.6 Chemicals 111 3.0
China 60 1.5 Food/Tobacco 110 3.0
Italy 54 1.4 Commercial services/Supplies 108 2.9
Spain 54 1.4 Real estate operations 106 2.9
Sweden 54 1.4 Media/Publishing 105 2.8
Singapore 52 1.3 Retailers—Specialty 97 2.6
Taiwan 51 1.3 Hotels/Entertainment services 89 2.4
Brazil 48 1.2 REIT—Residential/Commercial 87 2.3
South Africa 46 1.2 Construction/Engineering/Materials als 86 2.3
India 44 1.1 Biotechnology/Pharmaceuticals 82 2.2
Netherlands 41 1.1 Energy related equipment/Services 82 2.2
Malaysia 38 1.0 Automobiles/Auto parts 79 2.1
Russian Federation 33 0.8 Semiconductors/Semiconductor equipment 71 1.9
Others 373 9.6 Others 973 26.2

128 A. Peiró-Signes and M. Segarra-Oña



T
ab

le
2

E
nv

ir
on

m
en

ta
l,

so
ci

al
an

d
co

rp
or

at
e

go
ve

rn
an

ce
in

de
x

st
at

is
ti

cs
(l

as
t

da
ta

av
ai

la
bl

e)
C

ou
nt

ry
N

er
of

fi
rm

s
E

nv
ir

on
m

en
ta

l
S

oc
ia

l
C

or
po

ra
te

go
ve

rn
an

ce
E

co
no

m
ic

E
qu

al
w

ei
gh

te
d

M
ea

n
M

ed
ia

n
M

ea
n

M
ed

ia
n

M
ea

n
M

ed
ia

n
M

ea
n

M
ed

ia
n

M
ea

n
M

ed
ia

n

Ja
pa

n
43

0
0,

63
9

0,
82

8
0,

50
4

0,
53

3
0,

15
7

0,
11

6
0,

39
1

0,
33

3
0,

41
7

0,
41

9
A

us
tr

al
ia

29
5

0,
35

9
0,

22
9

0,
35

3
0,

23
3

0,
58

0
0,

60
4

0,
41

1
0,

32
9

0,
39

3
0,

28
6

H
on

g
K

on
g

11
6

0,
34

8
0,

25
9

0,
36

4
0,

28
3

0,
30

2
0,

23
3

0,
35

7
0,

29
5

0,
30

4
0,

17
4

S
ou

th
K

or
ea

63
0,

57
2

0,
66

4
0,

50
5

0,
46

1
0,

16
0

0,
10

1
0,

48
5

0,
51

7
0,

43
5

0,
48

2
S

in
ga

po
re

52
0,

37
8

0,
29

5
0,

39
9

0,
35

5
0,

43
0

0,
44

6
0,

53
4

0,
49

3
0,

41
5

0,
32

3
T

ai
w

an
51

0,
45

9
0,

37
2

0,
40

1
0,

31
1

0,
14

1
0,

04
7

0,
42

3
0,

35
1

0,
32

8
0,

18
5

M
al

ay
si

a
38

0,
37

5
0,

29
3

0,
42

6
0,

37
0

0,
41

3
0,

39
2

0,
35

4
0,

27
7

0,
35

8
0,

31
8

T
ot

al
A

si
a/

pa
c.

10
45

,4
92

**
*

0,
43

6
,4

33
**

*
0,

33
1

,3
15

**
*

0,
22

6
,4

06
**

*
0,

34
3

,3
92

**
*

0,
31

2
(1

,
2)

(1
,

4)
(1

,
2)

(1
,2

,4
)

(1
,2

,4
)

C
hi

na
60

0,
33

6
0,

24
0

0,
36

4
0,

28
9

0,
22

6
0,

18
0

0,
34

3
0,

22
4

0,
27

7
0,

13
8

B
ra

zi
l

48
0,

54
5

0,
59

9
0,

69
4

0,
84

9
0,

29
2

0,
24

0
0,

61
9

0,
75

4
0,

55
5

0,
64

6
S

ou
th

A
fr

ic
a

46
0,

64
5

0,
74

2
0,

77
6

0,
84

8
0,

59
8

0,
61

8
0,

68
9

0,
76

2
0,

72
9

0,
81

7
In

di
a

44
0,

54
7

0,
53

8
0,

62
8

0,
62

3
0,

31
0

0,
27

6
0,

60
5

0,
66

3
0,

52
4

0,
50

8
R

us
si

an
F

ed
33

0,
38

2
0,

25
9

0,
53

5
0,

57
1

0,
30

2
0,

21
8

0,
41

7
0,

35
4

0,
38

1
0,

33
4

T
ot

al
B

ri
cs

23
1

,4
88

**
*

0,
48

4
,5

89
**

*
0,

64
9

,3
41

**
*

0,
27

9
,5

30
**

*
0,

54
8

,4
87

**
*

0,
5

(1
,

2)
(1

,2
,3

)
(1

,
2)

(1
,

3)
(1

,
3)

U
ni

te
d

K
in

gd
om

37
6

0,
60

1
0,

70
0

0,
65

6
0,

73
0

0,
73

5
0,

78
8

0,
56

7
0,

62
1

0,
68

4
0,

78
3

F
ra

nc
e

98
0,

76
6

0,
89

9
0,

79
6

0,
89

4
0,

63
9

0,
69

2
0,

70
8

0,
76

1
0,

78
7

0,
87

1
G

er
m

an
y

84
0,

69
9

0,
87

3
0,

72
0

0,
82

8
0,

36
9

0,
35

4
0,

64
0

0,
68

2
0,

64
5

0,
73

0
S

w
it

ze
rl

an
d

67
0,

58
0

0,
65

5
0,

56
6

0,
59

6
0,

52
6

0,
59

7
0,

62
4

0,
75

6
0,

59
2

0,
74

0
It

al
y

54
0,

50
2

0,
44

5
0,

66
7

0,
78

1
0,

48
7

0,
45

1
0,

59
8

0,
61

9
0,

57
2

0,
58

2
S

pa
in

54
0,

70
2

0,
87

4
0,

79
5

0,
93

9
0,

55
2

0,
62

7
0,

65
8

0,
82

5
0,

72
8

0,
85

8
S

w
ed

en
54

0,
65

7
0,

83
8

0,
66

8
0,

74
2

0,
66

3
0,

70
9

0,
61

7
0,

74
7

0,
70

2
0,

79
5

N
et

he
rl

an
ds

41
0,

59
5

0,
72

0
0,

74
4

0,
81

2
0,

66
2

0,
70

1
0,

70
5

0,
78

6
0,

76
0

0,
85

2
T

ot
al

E
ur

op
e

82
8

,6
32

**
*

0,
76

6
,6

87
**

*
0,

78
2

,6
33

**
*

0,
70

0
,6

14
**

*
0,

69
3

,6
85

**
*

0,
80

8
(2

,3
,4

)
(2

,3
,4

)
(2

,3
,4

)
(2

,3
,4

)
(2

,3
,4

)
U

ni
te

d
S

ta
te

s
11

27
0,

40
9

0,
29

4
0,

44
3

0,
39

3
0,

72
4

0,
76

3
0,

52
0

0,
54

1
0,

52
6

0,
49

2
C

an
ad

a
29

1
0,

36
3

0,
23

8
0,

36
7

0,
30

0
0,

73
0

0,
77

3
0,

43
8

0,
37

7
0,

45
9

0,
40

9
T

ot
al

N
.

A
m

er
ic

a
14

18
,3

99
**

*
0,

27
8

,4
27

**
*

0,
37

0
,7

26
**

*
0,

76
6

,5
03

**
*

0,
51

2
,5

12
**

*
0,

47
1

(1
,3

,4
)

(1
,

4)
(1

,3
,4

)
(1

,
3)

(1
,

3)

*
*

*
si

gn
ifi

ca
nt

at
p-

0.
00

1
le

ve
l

N
um

be
rs

in
pa

re
nt

he
se

s
in

di
ca

te
th

e
gr

ou
p

nu
m

be
rs

fr
om

w
hi

ch
th

is
gr

ou
p

w
as

si
gn

ifi
ca

nt
ly

di
ff

er
en

ta
tp

-0
.0

01
le

ve
la

cc
or

di
ng

to
th

e
S

ch
ef

fe
’s

pa
ir

w
is

e
co

m
pa

ri
so

n
pr

oc
ed

ur
e.

1
=

E
ur

op
e,

2
=

N
or

th
A

m
er

ic
a,

3
=

A
si

a/
P

ac
ifi

c,
4

=
B

ri
cs

Trends in ESG Practices 129



T
ab

le
3

E
nv

ir
on

m
en

ta
l,

so
ci

al
an

d
co

rp
or

at
e

go
ve

rn
an

ce
in

de
x

st
at

is
ti

cs
(l

as
t

da
ta

av
ai

la
bl

e)
In

du
st

ri
es

E
nv

ir
on

m
en

ta
l

S
oc

ia
l

C
or

po
ra

te
go

ve
rn

an
ce

E
co

no
m

ic
E

qu
al

w
ei

gh
te

d

N
M

ea
n

M
ed

.
M

ea
n

M
ed

.
M

ea
n

M
ed

.
M

ea
n

M
ed

.
M

ea
n

M
ed

.

C
on

ta
in

er
s/

P
ac

ka
gi

ng
22

0,
74

7
0,

81
9

0,
58

8
0,

58
6

0,
73

8
0,

84
0

0,
63

9
0,

62
7

0,
72

3
0,

74
9

U
ti

li
ti

es
—

M
ul

ti
li

ne
29

0,
64

7
0,

74
3

0,
62

0
0,

68
3

0,
68

6
0,

79
6

0,
63

7
0,

64
6

0,
68

4
0,

85
1

P
ap

er
/F

or
es

t
pr

od
uc

ts
31

0,
75

8
0,

82
8

0,
64

1
0,

70
2

0,
69

4
0,

79
5

0,
54

0
0,

57
4

0,
69

4
0,

66
8

S
em

ic
on

du
ct

or
s/

S
em

ic
on

du
ct

or
eq

ui
pm

en
t

71
0,

61
0

0,
71

2
0,

52
8

0,
51

0
0,

59
6

0,
77

8
0,

54
9

0,
52

7
0,

58
7

0,
67

2
C

om
m

er
ci

al
se

rv
ic

es
/S

up
pl

ie
s

10
8

0,
49

5
0,

48
6

0,
53

9
0,

56
5

0,
69

1
0,

76
1

0,
56

7
0,

59
2

0,
59

1
0,

61
7

E
ne

rg
y

re
la

te
d

eq
ui

pm
en

t/
S

er
vi

ce
s

82
0,

38
2

0,
28

4
0,

47
4

0,
43

4
0,

69
7

0,
75

6
0,

53
9

0,
55

2
0,

52
2

0,
46

1
A

er
os

pa
ce

/D
ef

en
se

37
0,

68
2

0,
80

6
0,

66
1

0,
74

2
0,

71
6

0,
75

4
0,

70
6

0,
76

8
0,

73
8

0,
83

8
H

ea
lt

hc
ar

e
eq

ui
pm

en
t/

S
up

pl
ie

s
58

0,
43

0
0,

30
9

0,
47

3
0,

47
7

0,
59

0
0,

73
1

0,
57

5
0,

64
4

0,
53

3
0,

57
2

H
om

eb
ui

ld
in

g/
C

on
st

ru
ct

io
n

su
pp

li
es

47
0,

69
9

0,
86

9
0,

58
5

0,
71

6
0,

60
8

0,
72

2
0,

47
0

0,
45

4
0,

61
5

0,
72

6
C

om
m

un
ic

at
io

ns
eq

ui
pm

en
t

30
0,

69
9

0,
79

8
0,

56
8

0,
63

2
0,

65
3

0,
71

5
0,

58
6

0,
68

7
0,

65
3

0,
69

4
In

ve
st

m
en

t
tr

us
ts

7
0,

22
1

0,
11

3
0,

25
7

0,
16

8
0,

52
6

0,
70

7
0,

05
5

0,
04

6
0,

23
4

0,
15

7
B

io
te

ch
no

lo
gy

/M
ed

ic
al

re
se

ar
ch

32
0,

34
2

0,
13

1
0,

44
8

0,
36

6
0,

66
2

0,
70

2
0,

40
0

0,
38

0
0,

43
8

0,
29

5
O

il
/G

as
20

0
0,

44
5

0,
32

0
0,

45
6

0,
37

7
0,

61
2

0,
70

1
0,

44
4

0,
42

0
0,

48
0

0,
41

7
A

ir
fr

ei
gh

t/
C

ou
ri

er
se

rv
ic

es
10

0,
51

9
0,

57
1

0,
61

6
0,

63
7

0,
59

3
0,

69
1

0,
73

6
0,

83
1

0,
65

5
0,

71
2

H
ot

el
s/

E
nt

er
ta

in
m

en
t

se
rv

ic
es

89
0,

41
1

0,
34

7
0,

47
5

0,
45

8
0,

58
9

0,
69

1
0,

49
6

0,
51

2
0,

49
5

0,
51

0
S

of
tw

ar
e/

IT
se

rv
ic

es
11

5
0,

39
4

0,
26

8
0,

44
3

0,
38

7
0,

59
0

0,
68

5
0,

54
9

0,
55

5
0,

48
3

0,
42

7
P

er
so

na
l/

H
ou

se
ho

ld
pr

od
uc

ts
/S

er
vi

ce
s

53
0,

48
8

0,
42

4
0,

55
8

0,
55

0
0,

57
2

0,
66

9
0,

57
0

0,
63

2
0,

55
8

0,
58

4
U

ti
li

ti
es

—
w

at
er

/O
th

er
s

10
0,

59
1

0,
70

8
0,

64
0

0,
90

4
0,

61
5

0,
66

6
0,

68
3

0,
79

0
0,

65
1

0,
84

3
M

ed
ia

/P
ub

li
sh

in
g

10
5

0,
37

0
0,

30
7

0,
42

4
0,

38
1

0,
55

2
0,

66
1

0,
46

5
0,

41
8

0,
43

9
0,

37
1

H
ea

lt
hc

ar
e

pr
ov

id
er

s/
S

er
vi

ce
s

41
0,

23
2

0,
11

9
0,

35
1

0,
30

7
0,

61
7

0,
65

8
0,

44
1

0,
40

6
0,

37
5

0,
30

3
R

et
ai

le
rs

—
sp

ec
ia

lt
y

97
0,

33
5

0,
17

5
0,

38
8

0,
30

8
0,

54
8

0,
65

7
0,

46
9

0,
46

1
0,

42
0

0,
31

4
In

su
ra

nc
e

15
1

0,
41

1
0,

29
0

0,
45

0
0,

41
4

0,
58

3
0,

65
0

0,
58

5
0,

61
0

0,
50

0
0,

45
2

In
ve

st
m

en
t

se
rv

ic
es

11
6

0,
33

9
0,

16
8

0,
40

2
0,

35
2

0,
57

7
0,

64
5

0,
49

2
0,

48
9

0,
43

8
0,

39
9

(c
on

ti
nu

ed
)

130 A. Peiró-Signes and M. Segarra-Oña



T
ab

le
3

(c
on

ti
nu

ed
).

In
du

st
ri

es
E

nv
ir

on
m

en
ta

l
S

oc
ia

l
C

or
po

ra
te

go
ve

rn
an

ce
E

co
no

m
ic

E
qu

al
w

ei
gh

te
d

N
M

ea
n

M
ed

.
M

ea
n

M
ed

.
M

ea
n

M
ed

.
M

ea
n

M
ed

.
M

ea
n

M
ed

.

R
ai

ls
/R

oa
ds

tr
an

sp
or

ta
ti

on
61

0,
49

9
0,

49
7

0,
47

2
0,

42
6

0,
50

7
0,

64
3

0,
43

2
0,

36
8

0,
47

8
0,

47
5

R
E

IT
—

re
si

de
nt

ia
l/

C
om

m
er

ci
al

87
0,

39
7

0,
30

3
0,

26
9

0,
17

0
0,

55
9

0,
63

8
0,

39
4

0,
35

8
0,

36
9

0,
26

2
B

ev
er

ag
es

44
0,

61
8

0,
73

4
0,

59
6

0,
76

0
0,

51
4

0,
62

6
0,

55
3

0,
63

4
0,

59
1

0,
78

3
M

et
al

/M
in

in
g

24
8

0,
44

9
0,

38
7

0,
45

3
0,

39
1

0,
56

0
0,

61
9

0,
38

7
0,

31
2

0,
44

7
0,

41
0

F
oo

d/
T

ob
ac

co
11

0
0,

54
8

0,
63

6
0,

56
4

0,
60

0
0,

53
0

0,
59

6
0,

54
1

0,
60

4
0,

56
0

0,
68

4
B

io
te

ch
no

lo
gy

/P
ha

rm
ac

eu
ti

ca
ls

82
0,

49
8

0,
50

4
0,

54
3

0,
57

5
0,

51
8

0,
58

5
0,

48
9

0,
50

0
0,

51
5

0,
49

4
C

on
st

ru
ct

io
n

m
at

er
ia

ls
33

0,
62

3
0,

77
0

0,
56

9
0,

58
7

0,
53

0
0,

58
2

0,
45

9
0,

47
2

0,
55

6
0,

58
1

F
oo

d/
D

ru
g

re
ta

il
in

g
48

0,
53

7
0,

65
7

0,
54

5
0,

59
2

0,
52

0
0,

56
2

0,
57

4
0,

66
0

0,
57

1
0,

70
9

C
on

st
ru

ct
io

n/
E

ng
in

ee
ri

ng
86

0,
64

3
0,

75
1

0,
60

1
0,

64
2

0,
51

1
0,

55
9

0,
50

9
0,

52
2

0,
59

0
0,

65
5

M
ac

hi
ne

ry
/E

qu
ip

m
en

t/
C

om
po

ne
nt

s
17

7
0,

67
5

0,
81

8
0,

58
1

0,
64

2
0,

49
1

0,
54

9
0,

57
6

0,
65

3
0,

60
5

0,
68

1
E

le
ct

ri
c

ut
il

it
ie

s
11

6
0,

62
5

0,
71

6
0,

61
3

0,
66

7
0,

53
0

0,
54

5
0,

55
8

0,
55

4
0,

60
1

0,
67

2
H

ou
se

ho
ld

go
od

s
36

0,
70

8
0,

89
2

0,
62

3
0,

76
1

0,
53

4
0,

53
6

0,
53

5
0,

56
2

0,
63

4
0,

75
8

T
el

ec
om

m
un

ic
at

io
ns

se
rv

ic
es

11
9

0,
48

4
0,

42
3

0,
56

4
0,

62
0

0,
48

3
0,

52
9

0,
59

2
0,

60
4

0,
53

3
0,

52
5

A
ir

li
ne

se
rv

ic
es

38
0,

54
2

0,
61

4
0,

57
5

0,
64

6
0,

52
8

0,
52

8
0,

49
4

0,
48

0
0,

55
9

0,
62

0
C

he
m

ic
al

s
11

1
0,

72
6

0,
86

4
0,

68
1

0,
79

5
0,

49
6

0,
51

7
0,

60
6

0,
66

9
0,

66
4

0,
73

8
F

in
an

ci
al

se
rv

ic
es

—
di

ve
rs

ifi
ed

7
0,

43
9

0,
39

0
0,

44
9

0,
58

9
0,

43
7

0,
50

8
0,

46
2

0,
47

4
0,

45
5

0,
57

8
R

en
ew

ab
le

en
er

gy
16

0,
60

9
0,

68
4

0,
51

7
0,

47
3

0,
46

4
0,

49
2

0,
46

5
0,

51
0

0,
52

3
0,

55
2

C
oa

l
32

0,
35

2
0,

24
8

0,
40

4
0,

35
8

0,
50

9
0,

48
7

0,
40

5
0,

39
1

0,
39

9
0,

41
1

B
an

ki
ng

se
rv

ic
es

29
1

0,
43

5
0,

28
9

0,
50

7
0,

46
1

0,
45

0
0,

46
4

0,
51

6
0,

50
8

0,
46

4
0,

39
3

C
om

pu
te

rs
/O

ffi
ce

eq
ui

pm
en

t
39

0,
75

7
0,

90
1

0,
68

0
0,

83
7

0,
48

9
0,

45
9

0,
60

6
0,

64
0

0,
67

6
0,

79
0

G
as

ut
il

it
ie

s
22

0,
45

0
0,

39
3

0,
47

9
0,

38
4

0,
46

7
0,

44
8

0,
52

2
0,

47
6

0,
46

6
0,

34
2

D
iv

er
si

fi
ed

tr
ad

in
g/

D
is

tr
ib

ut
in

g
10

0,
79

6
0,

88
6

0,
70

7
0,

76
6

0,
41

8
0,

44
6

0,
48

3
0,

45
0

0,
64

3
0,

63
1

R
et

ai
le

rs
—

di
ve

rs
ifi

ed
48

0,
44

5
0,

34
7

0,
45

1
0,

35
4

0,
46

5
0,

43
2

0,
49

9
0,

49
0

0,
45

5
0,

39
0

In
du

st
ri

al
co

ng
lo

m
er

at
es

50
0,

56
5

0,
61

8
0,

52
7

0,
50

3
0,

44
1

0,
43

2
0,

46
6

0,
41

2
0,

49
7

0,
44

1
T

ex
ti

le
s/

A
pp

ar
el

34
0,

55
0

0,
61

7
0,

60
2

0,
69

3
0,

40
1

0,
40

3
0,

55
9

0,
62

8
0,

54
3

0,
61

8
R

ea
l

es
ta

te
op

er
at

io
ns

10
6

0,
42

6
0,

33
9

0,
32

2
0,

21
5

0,
39

8
0,

32
9

0,
33

1
0,

23
9

0,
33

5
0,

21
7

L
ei

su
re

pr
od

uc
ts

21
0,

47
4

0,
32

7
0,

48
1

0,
39

8
0,

39
1

0,
26

9
0,

44
8

0,
41

9
0,

43
7

0,
30

7
M

ar
in

e
se

rv
ic

es
27

0,
52

5
0,

58
5

0,
51

3
0,

47
9

0,
36

4
0,

24
3

0,
50

1
0,

46
4

0,
46

6
0,

45
5

A
ut

om
ob

il
es

/A
ut

o
pa

rt
s

79
0,

75
1

0,
91

3
0,

61
1

0,
75

7
0,

38
1

0,
23

8
0,

56
0

0,
58

7
0,

60
2

0,
68

5

Trends in ESG Practices 131



The first snapshot shows that Asian/Pacific markets, in general, China, Hong
Kong, and Taiwan in particular, are ESG laggards. On the other hand, European
countries are way above the others in EGS scores, especially France, Spain, and
the Nether-lands. In addition, countries in North America and in the BRICS group
seem to have an intermediate position.

After the identification of the areas, a one-way ANOVA is conducted to assess
the differences across the groups. Scheffe’s pairwise comparison procedure is used
to test for differences between individual pairs of groups if one-way ANOVA
results are statistically significant.

Table 2 presents the summarized results for the four areas described earlier.
One-way ANOVA results for each area were statistically significant at p = 0.001.
Additionally, the follow up Scheffe’s pairwise comparison results demonstrated
that each area results were different from, at least, two other identified areas.

At an industry level, Utilities, aerospace, computers, and beverages are among
the best-in-class in the overall rating, while Investment Trusts and Real State are
clearly the worst-in-class industries. We should also highlight the difference
between manufacturing and service industries. Manufacturing industries are more
likely to have higher scores than service industries.

3 Environmental Scores

Following the EGS levels, European countries show a level of corporate disclosure
of environmental practices higher than other countries. Besides China, Australia,
and Hong Kong, countries in North America have the lowest scores for environ-
mental measures, which highlight a lower disclosure and/or lower adherence to
environmental standards. Additionally, companies in the two largest economies
show little interest in the environment. Such behavior is in line with that seen at a
political level, where countries systematically rejected Kyoto protocols (Alto-
monte 2008; Fairchild 2008). In this regard, Canada which also first signed up to
Kyoto, recently stepped aside. This we think is a significant issue, especially when
considering such a big number of large firms that should be an example to smaller
firms in the industry (Gadenne et al. 2009; Ferrari et al. 2010). Nevertheless, over
and above this static over-view, a dynamic analysis is needed.

We analyzed the environmental ratings for each year to see the evolution
(Fig. 1).

Figure 1 provides environmental scores per area, which shows the tendency of
these areas in environmental related issues. As in the static analysis, European
companies are the leaders in environmental disclosure and/or activities. Every
single year, these average scores of European companies have been higher than the
aver-age scores of companies in the other areas. BRICS score in 2006 is not very
significant as only five companies were reported in the whole area.
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We added regression lines to each of the set of points to show tendency (Martín
Guzmán 1988). Tendency lines indicate a continuous improvement in European
companies’ environmental score. In terms of North American firms this
improvement is held at a very slow rate. Asia/Pacific companies remained almost
stable during the five-year period. BRICS should be explored from 2009 when a
big number of companies had already been introduced in the analysis and there
was a more stable sample to compare the evolution. Hence, BRICS scores seem to
be growing, although we should wait a few more years in order to have more data
to support this statement.

Sulaiman et al. (2002) looked for the interrelations between environmental
disclosure, environmental performance, and economic performance. They found
that ‘‘good’’ environmental performance is significantly associated with more
extensive quantifiable environmental disclosures of specific pollution measures
and occurrences. According to this statement and what several authors have found
in support (Manescu 2010; Humphrey et al. 2012), we could expect that the higher
the environmental scores (environmental disclosures), the higher the environ-
mental performance, which states our hypothesis in this work.

As environmental scores show environmental practices relative to energy and
water consumption (Mondéjar-Jiménez et al. 2011), we can expect companies with
lower scores to consume more energy relative to their sales generation compared
with other companies in the same sector with higher scores. Companies with high
scores are more energy efficient or they use a higher amount of renewable energy
sources. We can also expect a more efficient water consumption pattern in compa-
nies with higher scores. Therefore, for every dollar of revenue generated by envi-
ronmentally oriented companies, their water and energy consumption is expected to
be lower, revealing a more efficient usage of the resources. Also, waste recycling
raises the degree to which a nation’s corporations are environment friendly.

Greenhouse gas emissions are also included as a KPI in the Environmental
score. We can expect Asia/Pacific, Chinese, and North American companies to be
leading the production of greenhouse gas emissions. The higher emissions in Asia

Fig. 1 Environmental scores evolution 2006–2010
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may be due to the high consumption pattern of their industries in an economy that
is predominantly trade-dependent. The high emissions of North American com-
panies can be due to the petroleum-based fuels dependency, electricity/power
generation, and transportation needs. In comparison, European and Japanese
companies excel in controlling green-house gas emissions.

If we look back, we can see that European governments have been promoting
for a long time regulations in order to address these issues. Water consumption has
been a challenge in Southern European Countries for decades, and fuel prices in
Europe and Renewable energy promotion have made it more attractive for com-
panies to seek energy efficiency and to invest in alternative energy sources.
Finally, strong regulation and commitment has forced companies to reduce
greenhouse emissions, waste and recycle practices and to promote eco-innovations
(Segarra Oña et al. 2011; Segarra-Oña et al. 2012).

Clarkson et al. (2011) showed that positive (negative) changes in firms’
financial resources in previous periods are followed by significant improvements
(declines) in firms’ relative environmental performance in the subsequent periods.
Those findings mean that the financial performance of companies in growing
markets like China or Russian Fed, or in well known profitable markets like North
America are showing no or little evolution compared with European companies.
This might lead us to think that higher forces are driving the environmental per-
formance of the firms rather than a good financial performance (Porter and van der
Linde 1995; King and Lenox 2001).

In addition, Clarkson et al. (2011) also found that significant improvements
(declines) in environmental performance in the prior periods can lead to
improvements (declines) in financial performance in the subsequent periods.
However, Balabanis et al. (1998) found that firms’ involvement in environmental
protection activities was negatively correlated to subsequent financial perfor-
mance. These differences may have been affected by the period when the studies
where done. Nowadays, environmental issues are heavily present in the strategies
of large corporations, which realize that it is affecting and/or will eventually affect
their competitiveness.

Environmental scores by industry shows that, although manufacturing indus-
tries have significantly higher values (p \ 0.001) than service industries, some
services are taking the lead in environmental actions and disclosure. Industries
with higher scores are also the industries with higher increase in environmental
ratings over the pasts five years. Figure 2 reports the environmental scores evo-
lution for the industries with the higher environmental disclosure and activities.

4 Social Scores

Social KPIs value the net employment creation by the companies, which we expect
to be higher in those economies with rich resources that should be benefiting from
emerging markets’ demand and those economies with a higher growth in the GPD.
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On the other hand, recession in the US and Europe will have increased the
unemployment rate dramatically in Europe. Additionally, this situation may be
affecting personnel turnover, which is a measure of better working conditions and
job satisfaction, but can also reflect working culture. Employment security, new
labor practices, flexible working hours, and labor unions are only a few elements
that can affect this parameter. We expect, up to a certain point, that the lower the
regulation, the more companies’ working conditions and talent retention policy
will affect personnel satisfaction and turnover. As a result, governments are
playing an important role in setting the labor framework that allows employees to
have enough freedom to look for a company that fits with their needs.

Top multinationals such as Unilever and Dupont consider health and safety as a
very important performance indicator to benchmark their factories. It shows how
employee-friendly and responsible companies are, and increases productivity and
employee commitment to the company. Similarly, employee training and devel-
opment affect companies’ competitiveness and therefore countries’ competitive-
ness. Nevertheless, this training should be focused on developing innovation skills
that will increase the efficiency of the processes.

Furthermore, we can expect higher scores in those companies that take care of
their employees; they care about health and safety and provide training, making
them committed to the company and less likely to change to another firm.

Table 2 shows Spain, France, and the Netherlands as having more socially
responsible companies. In terms of environmental aspects, European companies
are leading the scores. We think this is because of a working culture focused on
social benefits, on the one hand, and more mature organizational culture, on the
other hand. This culture considers employees as the most valuable asset in the
company and, therefore, searching to take care of this asset is the best possible
objective. Only BRICS, regardless of China, have reached the same level as
Europeans. Nevertheless, this is not being reflected in countries’ social perfor-
mance. Asia/Pacific and North American countries have a very small sense of
social responsibility.

Fig. 2 Top environmental scores industries evolution 2006–2010
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As regards evolution in the past years, we perceive similar tendencies as in the
other two indicators. Except for China, and considering only the last two years,
BRICS and European companies have clearly and constantly increased social
responsibility. The United States seems to be in the same static situation, which is
very disappointing as growing economies look to it as an example of prosperity.
Thus, we can see that the regulation efforts of governments and company culture
are driving again the evolution of the social scores (Fig. 3).

Social scores by industry reveal that industries closer to consumers and with
higher social concern, automobile and chemical industries, have higher social
scores. Other industries and services that are industrial suppliers and, therefore, far
from the final consumer (mining or semiconductors) have less concern about social
issues. This might be explained because of the impact of consumer behavior and
its implications in the performance of the companies, which are felt differently in
each industry. The evolution of social scores shows the industries with the higher
increase in the last years. This figure indicates that some industries are feeling
higher pressure to increase social concern and disclosure. Some industries might
be forced to increase social ratings by consumers and others by their industrial
clients, which might force the actors in the product or service value process to be
more social (Fig. 4).

5 Corporate Governance Scores

Corporate Governance scores reflect the experience and the independence of the
company’s board of directors. The higher the score, the higher the experience and
independence of the board member and the higher the participation of the share-
holders. Governance score also accounts for board compensation and governance
reporting.

Fig. 3 Social score evolution by area
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We can expect higher board compensation and higher corporate governance
disclosure in those firms with high scores.

When Europe is still dealing with the economic crisis, government has played a
key role in raising ESG awareness. The European Commission and European
countries are increasing efforts to strengthen transparency, ethics, and corporate
governance through the promotion of new regulations.

Although the United Kingdom has the highest Corporate Governance score in
Asset4 universe, US and Canadian companies are al-most at the same level.

The UK’s independent regulator, the financial reporting council (FRC), has
been promoting the Corporate Governance Code and high-quality corporate
governance and reporting to foster in-vestments and to maintain the UK as an
international financial center.

However, in this field, there is a huge gap between North American and
European Companies and Asia/Pacific and BRICS companies. This aspect has not
apparently affected the economic growth of companies based in these countries.
We think it is because there is not a need for transparency when economic growth
is important; governments will put aside this issue until other social is-sues in their
countries are solved. Also, from the investors’ point of view, high revenues are
compensating the lack of information which, eventually, is just a measure of the
risk.

We then look at the evolution over the past five years (see Fig. 3).
Again, the biggest effort to increase Corporate Governance standards has been

made by European Companies. North American companies, as they are already in
the top level, have maintained the level of Corporate Governance disclosure.
BRICKS and Asia/Pacific companies are increasing their scores, but with such a
low rate of in-crease, it will take a long time to reach the level of North American
or European companies, unless local governments and market regulatory agents
harden the regulatory framework and corporate governance codes for those firms
(Figs. 5, 6).

Fig. 4 Social score evolution by industry
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Among industries packaging leads clearly the Corporate Governance indicators.
We should underline the Automobile industry, which is at the bottom of the chart
in this concept. No special characteristics of the industries lead the score in this
concept. Looking at the evolution in the last few years, the industries that have
been leading the growth in this indicator seem to be those with high growth rates
like software and IT services, renewable energy or aerospace and defense. This
evolution might be caused by the necessity to show more transparency to investors
in order to improve financial position for the future.

6 Conclusions

Environmental, social, and corporate governance aspects are increasingly gaining
attention from stakeholders, especially government, media, and investors. ESG
exposure can be important at a company level, but also at a country level.

Fig. 5 Corporate governance score evolution by area

Fig. 6 Corporate governance score evolution by industry
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It is not surprising that Europe tops the list of largest ESG-conscious markets.
European companies are a long way ahead of their Asian and American coun-
terparts, heading ESG action. Europe, which has defined new stringent legislation,
and ensured its enforcement among EU members, is addressing growing envi-
ronmental challenges.

Asian markets, China in particular, have been laggards as evidenced by their
low scores. The low rating, which normally implies lower disclosure, could be
attributed to the lack of legal requirements to disclose ESG data. Although small
companies tend to have lower scores than larger companies, aggregated data in
each country certainly reflect the companies’ tendency of the countries’ firms,
regardless of their size.

From another point of view, services industries are taking the lead over man-
ufacturing industries in environmental aspects, while proximity to the consumer is
leading social responsibility in industries and services. Corporate governance
scores are growing and we expect them to grow in the future according to the
financial needs of the industries.
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The Role of Maintenance in Reducing
the Negative Impact of a Business
on the Environment

Małgorzata Jasiulewicz-Kaczmarek and Przemysław Dro _zyner

Abstract New concepts of business management (Lean Manufacturing, Green
Manufacturing or Sustainable Manufacturing) resulted in modified perception of
maintenance. It is no longer a cost centre but a strategic business partner that plays
a vital role that helps the organisation to achieve its eco-efficiency goals. Main-
tenance services have no direct impact on power consumption and other utilities or
the amount of generated waste resulting from the applied manufacturing tech-
nologies. However, they may actively contribute to the reduction of environmental
aspects identified in the organisation and to the improvement of its eco-efficiency.
The two areas, maintenance and environment, are inter-dependable, both in terms
of results of actions and the effects. What factors are in the responsibility of the
maintenance? On what production system components can the activities of
maintenance service affect positively?

Keywords Maintenance activities � Maintenance performance � Environmental
maintenance BSC

1 Introduction

Industrial activity has been considered one of the major sources of environmental
pollution, natural resources depletion, and natural environment degradation.
Environmental impacts can be classified in many ways. With reference to the
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range of impact it may be classified as local, regional or global; while as regards
time—past, present, and future. One may also mention environmental impact
referring to the range and time of activity, the phase of production, and the target
of the impact. Environmental impact can affect water, air or soil. Organisations
directly or indirectly extract fossil fuels, mineral resources, organic resources,
water resources, etc., from the environment and input them into business processes
as energy, raw materials, parts, products or water. Environmental burden such as
the consumption of natural resources and modification of the state of the land is the
result of these business activities.

The knowledge of the organisation’s environmental impact is an essential
element of a systematic and effective improvement of achievements in this respect
(Hadas et al. 2011). Environmental policy, environmental objectives, and the
relevant programmes are based on information referring to environmental aspects
and impact of the organisation onto the environment. This gives the organisation
an opportunity to prevent and limit its negative impact and to promote
pro-environmental behaviour. Consequently, the challenge they face is to prepare a
comprehensive quantity and quality analysis of raw materials and energy con-
sumption as well as waste water, waste and contaminant emission to the
atmosphere.

Assuming that an organisation is a set of manufacturing factors organised and
coordinated in order to run a business connected with the production of goods and
rendering of services, the following question occurs: in what way do individual
manufacturing factors (an organisation’s units or implemented processes) con-
tribute to pursuing of the assumed strategy? What is their influence on achieving
the assumed goals?

With no doubt, one of the major elements of an organisation’s structure is main-
tenance. As irrespective of the area of business and supplied product, each organi-
sation has technical resources (machines, equipment) that require maintaining in
operation. By maintaining we wish them to performed tasks ordered by the user
efficiently, i.e. with the optimum use of resources (materials, energy, etc.). In manu-
facturing context, maintenance management is the process of directing maintenance
organisation effectively by utilizing administrative, human, financial, and material
resources in an efficient and effective way through planning, scheduling, executing and
monitoring their own progress for continuous improvement. Maintenance manage-
ment’s role is to provide support to production, and by providing reliable equipment
and processes it helps organisation to be competitive and contribute to sustainable
profitability; socially, economically and environmentally (Baluch et al. 2010).

New concepts of business management, such as Lean Manufacturing, new chal-
lenges relating to economical management of natural resources (Green Manufac-
turing) or Sustainable Manufacturing thinking resulted in modified perception of
maintenance (Jasiulewicz-Kaczmarek 2013). It is no longer a cost centre but a
strategic business partner that plays a vital role that helps the organisation to achieve
its goals. Well adopted maintenance policy and availability of resources (human,
material, technical, information-related) support organisations in achievement of
their eco-efficiency goals in every phase of their equipment’s life cycle.
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Regular professional maintenance ensures the most eco-efficient use of equip-
ment and the longest, cleanest life cycle, with the smallest environmental impact.
It helps customers determine when and how to modernise equipment with thor-
ough inspections of the safety, accessibility, reliability and energy efficiency.

Thus, inclusion of the maintenance function in the pro-environmental strategy
is equally indispensible at the stage of investing in new machines and equipment
and later during operation and abandonment phases (Napiórkowski and Szczyglak
2011; Napiórkowski et al. 2011).

A growing number of organisations uses different forms of defining its envi-
ronmental impact, plans and takes pro-active steps to limit such an impact.
Planning must be connected with an effective system of achievement assessment
because evaluation is based on the adage ‘‘what gets measured, gets managed’’.
For manufacturing processes, the availability of a set of indicators would allow
comparing the environmental performance over time, highlighting optimisation
potentials, deriving and pursuing environmental targets, identifying market
chances, benchmarking against other companies or communicating results in
environmental reports (Pawlewski and Borucki 2011).

Organisations use a variety of systems to evaluate achievements as well dif-
ferent measures and indicators (Greiner 2001; Feng and Joung 2009; Herva et al.
2011, ISO 14031 1999; ISO 14040 2006).

None of the above, however, refers comprehensively to maintenance as an
important function performed in an organisation and its contribution to the
implementation of its pro-active strategy.

The paper has been structured as follows. The first part identifies major causes
of pro-active steps taken by organisations. Next, the maintenance system and its
role in a product’s life cycle are described. Attention is drawn to elements that are
important in terms of environmental impact. The third part is an attempt to connect
pro-environmental actions of maintenance with the objectives and strategy of the
organisation. To do to so the Environmental Maintenance Balanced Scorecard
(EMBSC) model is proposed. It allows examining of environmental issues with
reference to maintenance from the perspective of strategy, setting out of goals as
well as achievement assessment measures and indexes. Hence, it is possible to
evaluate the quantitative contribution of maintenance to the implementation of the
pro-active strategy of an organisation.

2 Company Motivators of Pro-environmental Activities

The evaluation of an organisation’s environmental impact once again becomes a
business priority. Clients, investors, legislators expect organisations to store data
concerning their business’ environmental impact and to reduce impacts from
harmful factors. As a consequence, pro-environmental motivators of measures
taken by organisations should be sought among market (clients, investors) and
legal (legislators) requirements.
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Market requirements formed by clients and investors often result from two
factors. The first is reputation. They prefer to buy from and invest in organisations
that care about ethical principles and meet all environment protection related
requirements.

Cooperation with organisations that find it hard to meet legal environmental
requirements or are locally perceived as ‘‘environmentally arduous or irresponsi-
ble’’ has a negative impact on image and may result in a drop of profit on product
or service sales.

Another significant factor is the obligations assumed when adopting strategies
aiming at sustainable growth. These obligations usually translate into requirements
for all supply chain participants. Consequently, cooperation with large partners
(e.g. automotive, power machines, furniture, food and other industries) is more and
more dependent on the possibility of proving that the criteria of sustainable
development have been met. Such criteria, industry-specific, are often set by
organizations that dominate the market and groups thereof. Organizations are also
more likely to undergo audits, independent verification and certification in indi-
vidual areas of sustainable development (e.g., SA 8000, SMETA audit—Sedex
Members Ethical Trade Audit, ISO 14001, GSCP—Environmental Reference
Requirements 2010, World Business Council for Sustainable Development, Eco-
efficiency indicators and reporting, etc.).

A factor that may also influence actions aimed at environmental protection are
legal requirements.

According to the European Union requirements, legal acts pertaining to envi-
ronmental protection impose onto organisations an obligation of preventing
environmental hazards or limiting thereof to minimum. Reasonable use of natural
environment by organisations is regulated by means of legal instruments such as
ecological permits to use individual environmental elements and resources.

Based on the applicable acts and regulations and depending on the type and scale
of their activities, organisations are obliged, among others, to hold permits regarding
water-sewage management, protection of air against pollution, and noise protection.

As regards waste management, an organisation generating waste is obliged to
keep a record of waste on specially prepared waste sheets. Identification and
definition of the range of a manufacturing organisation’s impact on natural envi-
ronment elements is possible through permanent and comprehensive analysis of
individual stages of the production process, technological operations and available
infrastructure. This allows identifying the problems and needs of organisations
with regard to environmental impact, indicating the possibility of elimination or
reduction of the impact, and evaluating the effects of pro-environmental actions
that have been taken.

As it results from a survey performed in 2010 by PBS DGA SA, the level of legal
act binding is the first factor that differentiates the frequency of occurrence of a pro-
environmental action. 88 % of organisations that indicated the level to be high or
very high take pro-environmental actions. To compare, a corresponding percentage
among organisations that indicated low level of binding with ecology-related leg-
islation, or which are not bound by such acts, is 57 % (PBS DGA SA 2012).
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Legislative regulations provide an impetus to change from non-sustainable to
more environmentally friendly operations, but their influence should not be
overestimated. The industry practice shows that environmentally friendly behav-
iour may be the answer to problems that companies face, namely: the increasing
cost of energy, raw materials, and waste disposal (Golinska 2010).

Energy, raw materials and resources saving is the key determinant of techno-
logical progress and the aim of any entrepreneur wishing for profit. Nevertheless,
such saving does not represent sustainable growth. Organisations must take dif-
ferent actions to combine, if possible, economic effectiveness and implementation
of ecological responsibility rules. It is the best for them to seek such management
methods that will form long-term basis for faster economic growth and promote
eco-innovation and ecological safety. As a consequence, today’s task for organi-
sations is to create both economic and ecological values.

Implementation of the task results in seeking new, eco-effective technologies.
A new challenge emerges for an organisation. It is changing the approach to
technologies, processes, and products. This new approach forces new look onto the
product through total environmental cost. Therefore, it refers to all participants of
the product life cycle (manufacturer and client) and all life cycle stages, i.e.
designing, manufacturing, using, maintaining, and abandoning/recycling.

3 Position of Maintenance in the Strategy
of a Sustainable Development

A traditionally perceived scope of maintenance activities referred to manufac-
turing processes. Commonly accepted was the assumption that the main objective
of maintenance function is to optimise availability of equipment at a minimum
cost. However, shifting of the production paradigm towards a sustainable
development resulted in maintenance paradigm change towards product life
cycle management (Fig. 1), including maintenance in the chain of values of the

Fig. 1 Maintenance in product life cycle
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entire organisation. To highlight and justify the new way of perceiving
maintenance, Takata introduced the expression of ‘maintenance values chain’
(Takata et al. 2004).

Many decisions taken at the stage of designing, manufacturing and operation of
a structure has a direct impact both on the effect and result in environmental and
financial dimension and therefore must be adequately balanced (Johansson and
Winroth 2010). For instance, a change of product structure or manufacturing
method may cause a major reduction in energy consumption, amount of generated
waste or environment pollution. The change itself may also significantly influence
production economic results such as cost, productivity, quality and customer
service. The essence is, therefore, to find a balance between ecological and eco-
nomic benefits of the actions taken. This is a challenge to be faced by contem-
porary organisations both in terms of operational and strategic activities.

Currently, the tasks of technical services in most industrial organisations reach
beyond the standard: framework of planning, completion and settlement of service
and repair works. An important part of the attention of maintenance management
is paid to rationalizing and optimising the decision making processes, both short-
and long-term (Loska 2012), and in organisations applying the so-called good
engineering practice, machinery maintenance is more than just a cost item to be
avoided but first of all a proactive approach that may constitute an effective
contribution to the organisation’s growth and an integral part of green
manufacturing.

Green manufacturing (GM) has been recognized worldwide as a key strategy
for sustainable development and advanced model for manufacturing enterprises.
The concept incorporates the principles of environmental protection and energy
conservation into production and service activities to reduce industrial waste, save
energy and scarce resource, and minimize pollutions to natural environment, while
accomplishing production economy.

Maintenance services have no direct impact on power consumption and other
utilities or the amount of generated waste resulting from the applied manufacturing
technologies. However, they may actively contribute to the reduction of envi-
ronmental aspects identified in the organisation and to the improvement of its eco-
efficiency.

What factors are in the responsibility of the maintenance? On what production
system components can the activities of maintenance service affect positively?

It turns out that this is a whole variety of possibilities, ranging from performing
relatively simple operations and maintenance—repair and alignment or balancing,
the use of advanced methods of technical diagnostics, correct lubrication, pur-
chasing and strategy adopted to maintain the machines.

For example, shaft misalignment can lead to a 12 % increased energy con-
sumption and incorrectly matched or worn clutch to a 4 % loss. Replacing the gear
belt pulleys belts of traditional high performance enables a new generation of
2–4 % energy savings. The use of machinery and equipment drives energy-effi-
cient bearings allows for 30 % reduction in friction and the machines can get 15 %
higher speeds. The responsibility of maintenance services is also connected with
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choosing strategy of maintenance and correct strategy is directly linked to the
mitigation of impacts on environment by ensuring the regular monitoring of
performance of the machine by means of technical diagnostics tools, the elimi-
nation of major accidents and to prevent interruptions in the production cycle,
focusing on the overall equipment effectiveness (OEE). In addition, maintenance is
a process whose results can be seen in the measurable values and expenditure is
relatively easy to manage. All this makes that to the businesses that apply the so-
called ‘good engineering practice’ to maintain machinery is not only a cost to be
avoided, but also an active action which could constitute an effective contribution
to the development of the company.

The maintenance management has a variety of tools that enable participation of
technical services of an organisation in all phases of a machine life cycle, and thus,
participation in the performance of pro-environmental strategy of the organisation
(Fig. 2).

The first stage of a product’s life cycle is its design. Basic pro-environmental
prerequisites of the designing phase of a technical object include implementation
of the ‘3R’ principle (reduce, reuse, recycle), and in particular: selection of
structural materials with regard to environmental burden following their degra-
dation, considering the possible reuse of the materials once the operation ends,
ensuring high reliability of the machine during operation and possibly low power
demand, ensuring the machine and equipment structures are durable, adjusting to
repairs, easy diagnostics and service (Cempel et al. 2006).

Total Productive Maintenance (TPM) is a maintenance strategy developed to
meet the new maintenance needs (Shetty et al. 2009; Ahuja and Khamba 2008).
TPM is based on a ‘‘Zero-loss’’ concept with zero breakdown, accident and
defects, to achieve high reliability, flexibility of equipment and reduce cost
through minimizing wastage of manpower, raw material, energy, consumables,
etc. One of the goals of TPM is to develop maintenance free equipment. One way
to do this is to make improvements at the earliest possible stage, thus, at the stage

Fig. 2 Maintenance methods and techniques and their environmental impact
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of designing. Achievement of the target is reached both by R&D units and engi-
neering organisations. Engineering activity includes evaluation of the project with
reference to the entire equipment life cycle cost, its weak points (Table 1).
Therefore, benefits or losses may be defined that may result from defined operation
and maintenance practice to ensure an ideal level of reliability, accessibility and
ease of maintenance.

The next phase of a product’s life cycle on which maintenance services have an
impact and in which they have a proactive role is the machine’s operation phase at
the organisation. From the ecological point of view, maintenance of infrastructure
in the phase of equipment operation is focused on ensuring systems, procedures
and trainings that build the operational knowledge and skills as well as functional
possibilities of the systems to prevent, manage and eliminate losses and envi-
ronmental incidents.

A pro-environmental thinking should start at the operational level, i.e. from the
machine and workplace perspective. The most important task for technical ser-
vices and production personnel is to build a clean and well organised workplace.
A solution that is most frequently used in organisations to build the ‘cleanness
culture’ is the Japanese 5S practice. A 5S cornerstone is ‘‘the right thing in the
right place at the right time’’; anything else should be disposed of in a safe and
environmentally correct manner. The 5S includes seiri (sort, organisation), seiton
(set in order), seiso (shine, cleaning), seiketsu (standardize the cleaning), and
shitsuke (sustain, discipline) and referred as the five keys to a total quality envi-
ronment. The above are the key elements of the overall Management Operating
System, including the elements that require managerial attention and whose
supervision is only possible through sensor evaluation (e.g. sight, hear, smell).

Table 1 Examples of perspectives for equipment weak points searching

Facilitating autonomous
maintenance

Can cleaning and inspection be easier?
Can lubrication be centralized so that lubricant is supplied at just one

or two inlets per equipment unit?
Increasing ease of

operation
Can equipment be more resistant to operator errors, such as by

changing the positions of switches and the layout of buttons on
control panels?

Can changeover procedure be simplified?
Can standards be clarified to facilitate adjustments, or can

measurement methods be made easier?
Improving quality Have the precision settings and methods been determined (what to

measure, how to measure it, limit values, etc.)?
Is diagnostic equipment easy to set up? Does it have visual displays?

Improving maintainability Have equipment life data been collected, and is work in progress to
extend equipment life?

Can parts replacement be simplified?
Are self-diagnostic functions built into the equipment?
Can oil supply and oil changing be simplified?

Safety Are interlocking methods safe?
Are there safety fences around hazardous equipment?
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From the ecological perspective, 5S draws attention to all uncontrolled wastes and
emissions that deviate from the standard, it fosters reasonable power consumption
and gives a start to create and maintain standards for the working environment,
introduces a change in culture. Table 2 presents examples of actions and potential
benefits relating to 5S implementation.

In different organisations environment management and operational procedures
are often independent of each other and are not available at workplaces.
5S practices assume a visualization of both the elaborated standards and mainte-
nance performance. Visual management (laminated procedures at workplaces,
performance boards, warning signs, etc.) may be used to improve designation of
hazardous materials and waste and to improve the employee knowledge as regards
the appropriate proceedings in terms of waste and emergency situations (Fig. 3).
The combination of visual impulses, 5S practices, and operational procedures
gives the employees a real chance of proceeding as per the applicable standards
and improving of the environmental management.

In the phase of a technical structure operation in an organisation, the efficiency
of maintenance actions depends on good cooperation between the machine and
equipment operators and technical services staff. The cooperation is possible on
the condition that both parties understand their own tasks as well as the task of the
opposite party.

In real world the relation between the production and maintenance are regulated
by the culture of mutual guilt. In case of failure it is the production that blames
maintenance for indolence during the repair of damaged equipment, incorrect repair
performance, lack of coordination of preventive actions with the production, etc.
Whereas the maintenance blames the production for improper use of equipment,
failure to report any damage symptoms leading to failing by the technical service to
prevent such damages, etc. Such behaviour results in misunderstanding and conflicts
whose tangible indicator is an increased failure frequency, low efficiency of use of
the production equipment, low timeliness of repairs, large quantity of raw material
waste (quality non-conformities of the products), energy loss, etc.

Breaking of the vicious circle (mutual blaming of the parties) is a prerequisite to
carry out the strategy of maintenance, which on the one hand maximizes the
availability and efficiency of equipment, controls the pace of equipment degradation

Table 2 Potential benefits of 5S

5S practice Potential benefits

Sort Improved use of space, reduced stock, reduced cost and more efficient work.
Set in order Shortening of the task completion time, easier access, less errors, improved safety.
Shine Clean workplaces and equipment, improved efficiency of machine and equipment

operation, improved working environment and its surroundings, reduced amount
of pollution and dirt.

Standardize Improved working conditions and its quality, improved safety, reduced number of
non-conformities (during task completion).

Sustain Increased productivity and creativity, aiming at improvement and perfecting,
adherence to agreements.
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processes, and ensures environment safe and friendly actions, minimizing the total
cost of operation on the other. Solutions may be found in teamwork and training
whose objective is to provide knowledge and skills for operators and to include them
in proactive preventive maintenance actions.

Preventive maintenance of machine and equipment is related to carrying out of
a series of actions before a failure occurs. Its effectiveness depends not only on the
quality of works performed by technical personnel but also on the speed and
quality of information provided by the operators. Early identification of anomalies
in machine operation is a necessary skill that should be built. The skill includes:

• first: ability to set the machine’s parameters and conditions of work (to know
how to tell normal conditions from abnormal),

• second: ability to maintain the machine’s parameters and conditions of work (to
know how to ensure satisfaction of normal conditions),

• third: ability to bring back the machine’s parameters and conditions of work (to
know when to react to abnormalities).

A program that builds such skills is the ‘autonomous maintenance’ carried out
in organisations in relation with the implementation of the TPM. The program
assumes providing operators with knowledge on the structure and principles of

Fig. 3 Proper storing of
dangerous chemicals
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operation of the equipment they use and building basic skills for correct machine
operation evaluation as well as performance of basic operation that is traditionally
perceived as technical personnel task.

When introducing the concept of autonomous maintenance of machines and
equipment, it is recommended to use the seven steps method (Table 3).

The aim of autonomous maintenance by the operators is:
First: stability of working conditions for the equipment and stopping the

equipment degradation process, forming of the operator skills to perform daily
routines (e.g. cleaning, lubricating) and small repairs,

Second: providing operators with knowledge on the equipment which they
operate, possible problems that may occur and their reasons, as well as preventing
such problems through early identification and elimination,

Third: preparing operators to proactive partnership and participation in pro-
grams (projects) of the equipment effectiveness and reliability improvement.

Including operators in the works pertaining to maintenance and handing over of
responsibility and licenses to them enables better use of the knowledge of the
equipment they hold, strengthens the feeling of self-esteem and enables aware
participation in the organisation’s target achieving.

Nevertheless, irrespective of how well the operators and technical personnel are
prepared to observe current operation of the machine and identify deviations from
standard conditions, equipment failures will happen and consequences thereof will
pose a threat to maintenance and production quality, natural environment, human
health and safety. Therefore, in the phase of operation it is necessary to have the
knowledge of the machine functional failure’s environmental impact and the
selection of adequate operation actions and the condition monitoring system.

The methods of maintenance planning based on the identification and assess-
ment of risk relating to equipment failure, enable planning of the production
equipment maintenance in appropriate context (Narayan 2012).

Maintenance framework based on the risk assessment covers two main activ-
ities: risk assessment and technical service planning based the risk. The main
objective of such activities is to reduce the overall risk that may lead to unpre-
dictable failures. Priorities of operational actions (inspection, maintenance) are
defined according to the quantitative analysis of a risk caused by failing sets of
machines so that the total risk is minimized. The sets which as a result of the
analysis have been classified as high risk are inspected and maintained more
frequently and more accurately to ensure keeping of the allowed risk level. Or-
ganisations are more likely to promote maintenance in accordance with risk
assessment. Such an approach enables defining of the appropriate proportions
among individual maintenance policies, considering not only financial but also
environmental and social issues (human safety).

The most frequently applied method in this area is the Reliability Centered
Maintenance—RCM (Moubray 1995; Crocker and Kumar 2000; Mokashi et al.
2002; Niu et al. 2010). In the RCM analytical process all functions of any technical
system, errors in performing these functions (damages) and all potential reasons
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for damage are being systematically identified, then direct effects of the above are
identified, and finally, significance and consequences thereof (Fig. 4).

In the evaluation of consequences the RCM assigns any damage to one of the four
categories that should be considered when elaborating the logical, decisive diagrams
(‘trees’): hidden failures that may lead to multiple failures and in extreme cases to

Table 3 Seven steps of ‘‘autonomous maintenance’’ introduction

Steps Goals for equipment

Conduct initial cleaning Eliminate environmental causes of deterioration,
such as dust and dirt; prevent accelerated
deterioration.

Eliminate dust and dirt; improve quality of
inspection and repairs and reduce time required.

Discover and treat hidden defects.
Eliminate sources of contamination and

inaccessible areas
Increase inherent reliability of equipment by

preventing dust and other contaminants from
adhering and accumulating.

Enhance maintainability by improving cleaning
and lubricating.

Develop cleaning and lubrication Maintain basic equipment conditions
(deterioration-preventing activities) cleaning,
lubrication, and inspection.

Conduct general inspection skills training Visually inspect major parts of the equipment;
restore deterioration; enhance reliability.

Facilitate inspection through innovative methods,
such as serial number plates, colour instruction
labels, thermo tape gauges and indicators, see
through covers etc.

Conduct inspection autonomously Maintain optimal equipment conditions once
deterioration is restored through general
inspection.

Use innovative visual control systems to make
cleaning lubrication/inspection more effective.

Review equipment and human factors; clarify
abnormal conditions.

Implement improvement to make operation easier.
Organise and manage the workplace Review and improve plant layout etc.

Standardize control of work-in-process defective
products, dies, jigs, tools measuring
instruments, material handling equipment,
aisles, etc.

Implement visual control systems throughout the
workplace.

Carry out ongoing autonomous maintenance
and advanced improvement activities

Collect and analyze various types of data; improve
equipment to increase reliability,
maintainability and ease of operation.

Pinpoint weaknesses in equipment based on
analysis of data, implement improvement plans
to lengthen equipment life span and inspection
cycles.
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catastrophic results, and open failures having an impact of human and/or environ-
ment safety, operational activity, and those which have no impact on operational
activity (after a series of ecological catastrophes in the 1980s, drastic pro-ecological
restrictions were introduced against business organisations in many countries;
ecological consequences have gained appropriate importance in the RCM method).
When all the information is provided, depending on the critical level of the failure,
the most relevant maintenance policy is applied for the analyzed technical structure
and specification of operational activities is created—whether preventive or not.
These activities form a program of maintenance of the structure in a desired func-
tionality adjusted to required operational parameters. Unlike other maintenance
methods, the RCM allows for all options of activity: caused by diagnosed condition
of the equipment, scheduled maintenance, scheduled component replacement,
searching the hidden failures and single modifications (re-designing of components,
change of operational procedures, additional operator training or other activities
beyond the traditional scope of service works). One of the original conclusions
arising from the analysis is also intentional allowing the failure to occur.

Risk based inspection (RBI) is a methodology which aims at establishing an
inspection programme based on the aspects of probability and consequence of a
failure. Inspection is carried out to reveal and confirm whether the process of
degradation in a component is occurring. Inspection of the equipment will also
give vital information on how the real process is developing compared to the
expected scenario. This information can be used to define new measures to
improve both the design of the equipment and the actions that are taken to preserve
the risk level of the component. By conducting an RBI analysis the final results
should answer what to inspect, when to inspect, where to inspect, how to inspect
and what to report (Fig. 5).

The RCM process uses Failure Mode and Effect Analysis (FMEA). It is a
deductive technique that consists in identification of failures at different levels of
the machine structure complexity, their reasons and consequences to the entire
system. The FMEA is focused on assessing the risks of Occupational health and

Fig. 4 The RCM process (Hipkin and Cock 2000)
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safety (OHS), environment and quality management, which is based on three
aspects, including ‘‘occurrence of failure’’ (indicating risk/probability that failure
mode will occur as a result of a specific cause), ‘‘severity’’ (referring to an
assessment of the seriousness of the effect of the potential failure mode in the
process when it has occurred), and ‘‘detection’’ (referring to the probability that a
potential failure will be detected).

FMEA analysis may be used both for the process of machine and equipment
designing and for operation of machines and equipment and operation thereof,
where based on historical data on the machine performance, analysis of the use
environment, currently applicable legal requirements, it allows to identify possible
non-conformities, their grounds and effects and to select appropriate preventing
actions. In the context of environmental management the method will enable:

• systematic testing of internal environment protection and legal requirements,
• focusing on the most important activities to improve the condition of natural

environment,
• delivering and influencing the most important environmental aspects,
• making aware environmental impact implementation easier.

Another tool employed to analyse reliability and safety of a system is fault-tree
analysis (FTA). It provides an objective basis for analyzing system design, justi-
fying system changes, performing trade-off studies, analyzing common failure
modes, and demonstrating compliance with safety and environment requirements.
It is different from a failure mode and effect analysis in that it is restricted to
identifying system elements and events that lead to one particular undesired event.

Many reliability techniques are inductive and concerned primarily with
ensuring that hardware accomplishes its intended functions. Fault-tree analysis is a
detailed deductive analysis that usually requires considerable information about
the system. It ensures that all critical aspects of a system are identified and con-
trolled. This method represents graphically the Boolean logic associated with a
particular system failure. Fault-tree analysis provides options for performing
qualitative and quantitative reliability analysis. It helps the analyst understand
system failures deductively and points out the aspects of a system that are
important with respect to the failure of interest.

Fig. 5 Deliverables of an RBI assessment to the inspection program (DNV 2009)
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The universal objective of the maintenance process is to use the knowledge of
abnormalities in machine operation and of incidents (both potential and occurring)
in order to achieve optimum safety, from the point of view of people and envi-
ronment, at the lowest possible cost. In industrial practice this transforms to
optimisation of decision making processes concerning planning and completion of
functional and servicing-and-repair works. Planning of technical service at a high
level may be successful if it is based on reliable data from the operation level. This
makes monitoring of the production equipment condition a key factor to support a
balanced production.

A majority of machines may be monitored on continuous basis without stop-
ping. Permanent monitoring and diagnostic systems ensure high stability and
repetitiveness of the measuring process and allow uninterrupted analysis of
measured values and detection of any excess of the preset limits. One of the
important advantages of the continuous systems is the possibility of integration
with control systems of the monitored machine, central control system, and
visualization of the measured values in Supervisory Control and Data Acquisition
(SCADA) systems or a superior, specialized diagnostic software. SCADA systems
are currently standard elements of the machine monitoring systems. Their basic
task is to acquire and visualize measuring data that describe current condition of
the monitored machine and to generate warnings and alarms whenever machine
working parameters exceed the preset levels. In case of failure, SCADA, as a
superior system, offers a possibility of stopping the machine, its part or the entire
technological line to minimize the failure spreading. Filing of measuring data—
both during regular work and in alarm situations—is, however, from the mainte-
nance perspective, only ‘a raw material’ that should be processed to get the
valuable information. This processing is performed by specialized diagnostic
software. An analysis of collected data concerning equipment operation parame-
ters in combination with working conditions information (start-up, idle run,
overload, etc.) requires extensive calculation expenditures such as frequency,
modal analysis or modelling. With such a tool it is possible to relatively precisely
define the condition of a given element or even define which failure of a given part
may be expected or had already occurred. A well prepared monitoring system
allows precise determination of the time a machine is withdrawn from operation,
thus, eliminating raw material (non-conformant products), and energy losses and
extending to the maximum the machines operation time, resulting in tangible
financial benefits.

Another tool in the hands of technical personnel are diagnostic and forecasting
test methods (Mikołajczak 2011) e.g. vibro-acoustics, vibration measuring,
thermo-vision, oil analysis. Technical diagnostics, next to tribology, reliability,
safety theorem and operation theorem, is one of the basic sciences on rational use
of objects ( _Zółtowski 2008).

The objective of oil diagnostics is defining the usability of the used oil on the
one hand, and checking whether is contains metallic particles that would prove
wear of certain elements of the equipment, on the other (Szafrański 2011). From
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the environmental perspective lubricants are non-renewable products. By maxi-
mizing their life span we reduce the organisation’s negative environmental impact,
minimize financial burden related to their disposal. Appropriately selected lubri-
cant may have an impact on the increased level of equipment operation stability.
Diagnostic tests of this area give only a small example of an organisation’s pos-
sibilities to reduce environmental impact. Rational lubricating management should
cover all activities, from oil selecting, through its storing, delivery to machine, its
maintenance during operation, appropriate machine tooling (venting, drainage)
adjusted to the conditions in the machine working environment, well designed oil
analysis system, etc. As experiments show, improving actions in the area of
lubricating management may lead to wear reduced by even 30 % (Jasiulewicz-
Kaczmarek 2013).

Abandonment is the last phase of a machine’s life cycle consisting in final
withdrawal from operation. It is a condition when the machine reached its limit
value of wear and further operation is impossible or uneconomical. The problem of
managing of the worn parts and materials from the abandoned machine with the
minimum burden to environment and certain economic result arises (Fig. 6).

Eco-design that has been developing for years is an approach where complex
technical objects are designed so that recycling of materials, from multiple uses
and reuse of elements (assemblies, parts) in several generations of machines for
repair and modernisation is possible. Therefore, the object’s abandonment phase
requires taking steps resulting not only in transporting the machine to a landfill but
also reuse of its elements. Each worn machine or equipment contains a series of
valuable raw materials and subassemblies to be reused in repair and renovation of
structurally similar technical objects. The task of maintenance personnel is to
appropriately assess the fitness of assemblies and parts for other machines and
equipment owned by the organisation and repairing or regenerating thereof for
further use.

Despite their environmental arduousness, worn machines and equipment may
constitute a source of valuable recyclables once reasonably recycled.

Fig. 6 ‘Abandonment’ phase in a product’s life cycle
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4 The Idea of Maintenance Performance Assessment
from the Perspective of Environmental SD

Holistic approach to shaping maintenance system should include internal and
external conditionings of a company, business strategy of the company and pro-
jection of how future changes in maintenance system will influence efficiency of
company’s functioning (Pawlowski et al. 2006).

All the aforesaid areas of activity of technical personnel must be covered by one
coherent system of management where the goals, roles and tasks are defined and
which is coherent with the strategy, needs and possibilities of an organisation.

The objectives of maintenance and the strategy of achievement thereof derive
from the requirements of interested parties as well as goals and strategies of the
organisation (Pinjala et al. 2006; Rosqvist et al. 2009), integrated at different levels
of its organisational structure both top-down and bottom-up. The natural conse-
quence is the need of designing and implementing a well-organised maintenance
management system and a measuring system to assess its performance in terms of
strategy. According to Alsyouf (2006) such a system should enable:

• evaluation of the maintenance function share in the organisation’s business
goals achieving;

• defining the strong and weak points of the implemented maintenance strategy;
• creation of stable base to develop a comprehensive strategy of maintenance

improvement with the use of quantitative and qualitative data;
• re-analyzing and comparative analyzing of the implemented practices and mainte-

nance performance with the best practices within and outside the same industry, and
• tracking the maintenance impact and indicating the relations between opera-

tional and financial activities (measures) in a holistic approach.

From a strategic point of view the process of maintenance management may be
presented as a sequence of actions transforming the strategic goals into maintenance
objectives and a strategy of achieving them, with a built-in system of performance
metric that would enable assessment of efficiency and effectiveness thereof (Fig. 7).

Fig. 7 Strategic maintenance-management process
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A true challenge for maintenance management is to define the method of goals
down-cascading, feedback up-aggregating, and integrating of activities performed
by different internal organisation units of the organisation, so that the total
effectiveness of maintenance and the desired business goals are achieved. This
means that an organisation should define a hierarchy of goals where the mainte-
nance objectives (e.g. 98 % availability of equipment) are means to achieve the
overall organisation goals (e.g. production volume 5 tons/h).

Measuring of maintenance performance is an indispensable activity that may,
for example, serve defining of the adjustment to new trends in equipment use and
maintenance strategy, evaluation of employee safety and health caring, and
meeting environmental challenges resulting from the organisation strategy.

Literature gives many examples of the concept of maintenance performance
measuring. The Total Productive Maintenance concept (Nakajima 1988), launched
in the 1980s, provided a quantitative metric called Overall Equipment Effective-
ness (OEE) for measuring productivity of manufacturing equipment’s
(Jasiulewicz-Kaczmarek 2011). A hierarchical system of performance indicators
of maintenance efficiency and the classification thereof referred to three main
dimensions of maintenance performance (OEE, production costs and production
quality) was proposed by Komonen (2002). Parida proposes a multi-criteria
hierarchical framework for maintenance performance measurement (Parida and
Chattopadhyay 2007) that consist of multi-criteria indicators for each level of
management (i.e. strategic, tactical and operational). Al-Najjar (2007) proposes a
model to describe and quantify the impact of maintenance on business’s key
competitive objectives related to production, quality and cost.

In 2007 the European standard for maintenance key performance indicators
(EN: 15341 2007) was established to support the management in making the best
use of the maintenance function in order to utilize all the technical assets in a more
competitive way. The indicators can be used to measure the status, compare
(internal and external benchmarks), diagnose (analysis of weaknesses and
strengths), identify the objectives or goals, support to maintain and improve per-
formance and continuously measure the evolution. The standard provides the
management with a system of indicators to measure the maintenance performance
considering the economical, technical and organisational aspects (Fig. 8). Main-
tenance Performance is the result of the utilization of resources in doing activities
to provide actions to retain an item in, or restore it to, a state in which it can
perform the required function. The Maintenance Performance is depending on
influencing factors—external and internal, such as location, company culture,
production process, strategies, policies and human competences—and is carried
out implementing activities (example: corrective maintenance, preventive main-
tenance, improvements), using organisational methodologies (example: central-
ized, decentralized, outsourced, multiskilled, etc.), utilizing labour, information,
materials, resources, tools and operating techniques.
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Exemplary ‘‘environmental’’ indicators of maintenance in this set are T12 and
T13.

T12 Number of failures causing damages for environment
Total number of failures

� 100

T13 Number of failures causing potential damages for environment

Total number of failures
� 100

Many organisations find the set of indicators provided in the standard too
complicated and incomprehensible. With reference to the environmental dimen-
sion of maintenance activities it is difficult to find a relation between the organi-
sation goals and strategy and the maintenance indicators.

One of the recommended methods is the Balanced Scorecard (BSC), considered
to be a balanced management system because it promotes equilibrium between
short- and long-term objectives, between financial and non-financial measures,
between indicators of tendency and occurrences, between internal and external
perspectives of performance (Goncalves 2009). The balanced scorecard, devel-
oped by Kaplan and Norton (1992), is the most popular and balanced performance
measurement framework, used by the most of industries all over the world
(Quezad et al. 2009; Thakkar et al. 2007; Lawrie and Cobbold 2004; Akkermans
and van Oorschot 2005). Unlike the traditional methods that focus on supervision,
BSC is focused on the overall strategy and vision of the organisation and
emphasizes achieving of target results.

Application of BSC gives an opportunity of better conformity between the goals
worked out in the process of Environmental Management System and the
organisation’s strategy (Zingales et al. 2002). To obtain such a conformity the

Fig. 8 Maintenance influencing factors and maintenance key performance indicators
(EN: 15341 2007)
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environmental aspects must be classified and integrated with the scorecard system
depending on their strategic meaning, similarly to all potentially important strategic
aspects (Fig. 9).

Environmental aspects can represent strategic core issues, for which lagging
indicators have to be defined. These lagging indicators measure whether the
strategic core requirements in the perspective have been achieved. Performance
drivers as represented by leading indicators show how the results in each per-
spective, reflected by the lagging indicators, are to be achieved. Performance
drivers are highly business specific but there are once again categories to support
identification.

Figge et al. (2002) proposed to check systematically all pertinent environmental
aspects by answering the following questions when going through the four con-
ventional perspectives:

1. Does the environmental aspect represent a strategic core issue for the of our
business unit (? environmental lagging indicator)?

2. Does the environmental aspect contribute significantly to a strategic core issue
and therefore represent a performance driver for the business strategy of our
business unit (? environmental leading indicator)?

3. What is the substantial contribution of the performance driver to the achieve-
ment of a strategic core issue?

4. Is the environmental aspect simply a hygienic factor, which necessarily has to
be well managed but leads to no particular strategic or competitive advantage?

BSC is specific of organisations for which it was developed and allows building
Key Performance Indicators to measure technical personnel management

Fig. 9 The chain of cause and effect relationship from environmental BSC perspective
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performance, referred to the organisation’s strategic goals (Jasiulewicz-Kaczmarek
2012). The environmental dimension of maintenance may be described by each of
the four Balanced Scorecard perspectives, for instance (Fig. 10):

• financial—meaning, for example, return of the capital invested in new diag-
nostic technologies,

• maintenance customers—meaning satisfaction of requirements and delivery of
value mainly to internal clients (e.g. production),

• maintenance process—including but not limited to prevention of failures,
identifying and implementing modifications to production equipment, man-
agement of materials, power and waste as eco-efficiently as possible,

• organisational (learning and growth)—meaning creating a new culture that
values knowledge and skills, involvement in improving actions, which is
reflected in maintenance, production, logistics, etc., employee daily choices and
actions.

Fig. 10 Environmental Maintenance Balanced Scorecard (EMBSC)—a model concept
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Strategic objectives of maintenance are a collection of goals and each new
perspective focuses on processes that are important to achieve the goals deter-
mined in the previous perspective. In the financial perspective the stress is put on
the measure of return rate from invested capital. The factor influencing the above
measure is customer satisfaction expressed by the level thereof. Internal custom-
ers’ satisfaction is related with cooperation conditions offered by technical per-
sonnel and the quality of services they render. All actions and decisions taken by
maintenance management must conform to the needs of maintenance internal
clients (maintenance is a supportive process). To react adequately to the needs and
expectation of its customers, maintenance personnel must improve the parameters
of service and method of delivery thereof.

The maintenance customers’ perspective contains two measure groups: area
activity results measure and measure of factors determining the value for cus-
tomers. Service value deterring measures may be divided into service attributes
(e.g. quality) and customer relations (e.g. time of service completion).

The internal processes perspective is a logical supplement of the customer
perspective as regards maintenance activity assessment. In this perspective the key
activities and processes influencing achievement of objectives set in previous
perspectives are identified. Internal processes are assessed in terms of whether they
meet customer expectations. After identifying the internal processes that are
crucial from the customer perspective a metering system may be identified.

The last but not least of the perspectives (learning and growth) covers objec-
tives and measures that determine area in which perfecting is expected in order to
reach a major improvement in performance. The learning and growth targets form
a basis supporting the completion of goals covered by the three remaining per-
spectives. When analyzing the learning and growth perspective grounds on which
the long-term growth is to be based must be determined. Investment in employees,
IT technologies and appropriate organisational procedures are required for a long-
term and stable development.

The EMBSC model presented in the figure is an attempt of showing the
importance and contribution of maintenance in the pro-environmental strategy of
an organisation. Maintenance is able to create new productivity and help saving
raw materials and energy, protect environment and increase profits in the industrial
production. The value of such actions is countable and must be measured both in
terms of management assuming responsibility for achieving the goals they set and
identifying appropriate actions as well as directing the effort of employees to such
achievement.

5 Conclusion

Maintenance, similarly to other functional areas of an organisation, is under
constant pressure of cost cutting, achievement reporting, and mission supporting.
From the point of view management these seem to be reasonable expectations
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because maintenance, as an auxiliary process, plays an important role in the
organisation’s operation. However, looking onto the activities of technical services
from the perspective of a product life cycle one may notice new opportunities of
strengthening the organisation’s eco-effectiveness.

Practically, each phase of a product’s life cycle requires maintenance. When
designing a technical structure, one must allow for its total and comprehensive
environmental impact. It applies not only to the use of such a structure/building but
also all actions relating to maintenance thereof: lubricating, maintenance and
repair. At this stage it is the knowledge acquired from organisations using the
structures that matters. By monitoring the operation of equipment and performing
technical servicing, maintenance service of such an organisation is a source of
information on the potential to increase environmental effectiveness and often
initiates changes to the building structure.

Another phase of a product life cycle that may be influenced and is actively
participated by maintenance service is the stage of machine operation. From the
ecological point of view, maintenance of infrastructure traffic in this phase is
mainly focused onto two aspects. Firstly, by ensuring systems, procedures, and
training that build the operators’ skills and operational knowledge. Secondly, by
ensuring material, technical, IT, and financial resources. These actions aim at
prevention, management, and elimination of losses and environmental incidents
when using technical buildings for manufacturing purposes.

Having such a potential of pro-environmental possibilities of maintenance, it
would be highly irresponsible on the part of the management to ignore them in the
process of defining an organisation’s target and strategy. Therefore, the need to
integrate the objectives and strategies of maintenance with the environmental
objectives and strategy is obvious. How to do it?

The tool proposed herein is EMBSC. Why this tool? If we look at the scope of
relation between maintenance and other functional areas of an organisation and
effects desired by management we will see as follows. Eco-effectiveness is desired
and expected. It may be achieved by meeting the requirements of our internal (e.g.,
production) and external stakeholders (although for external stakeholders main-
tenance actions are not visible, while the results and effects thereof are percepti-
ble). If one wants to meet the requirements, maintenance processes must be
adequately organised and then well managed. This needs people’s knowledge and
involvement. Thus, moving from top to bottom, we have logically passed the path
of all BSD perspectives. The bottom to top order looks similarly, but here we
measure the results/effects being the natural consequences of measures/decisions
that were taken. One may, therefore, form cause and result relations between
actions and their results and quantify the values thereof. BSC also gives an
opportunity to quantify as quantity, quality, finance and non-finance, offering
another important function—communication. Technical language is usually
incomprehensible for economists, while the economists’ language seems to be
difficult to understand by engineers. This inconvenience and possible cause of
conflict may be eliminated.
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What else could be achieved by using the tool? For many years maintenance
has been perceived as a ‘cost’. This has been partially true, as it is an auxiliary
process. Therefore, from an external client’s perspective maintenance does not add
value. However, from an internal client’s perspective, today maintenance is a
business partner. Through provision of a reliable machinery and reduction of
operational risk, maintenance generates internal value that may be included in
financial indexes. EMBSC enables to understand the meaning of maintenance
inside an organisation and the contribution it makes to increase the ecological
effectiveness. The most often, reports on achievements are submitted to authorities
and external supervision units and local personnel are not appropriately informed.
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Part III
Improving Eco-efficiency: Case Studies



Assessment of Bangkok Metro
Accessibility for Developing Integrated
Strategies Using Sustainable Indicators

Duangporn Prasertsubpakij and Vilas Nitivattananon

Abstract This chapter aims to systematically develop a set of sustainable indicators
regarding multifaceted aspects for assessing accessibility performance of the metro
systems towards integrated strategies based on BMR empirical case. This effort
elucidates three-functional steps of indicator selection including pre-selection of
hypothesized indices based on literature reviews, application of the Weighted Index
method via multi-stakeholder engagement, and formulation of the indicator set with
the factor analysis and reliability test. A multi-dimensional accessibility assessment
model was divulged as the major outcomes in which the potential effects of
psychosocial and socioeconomic segments influence service accessibility in the study
area. Discussions on sustainable indicators balancing different dimensions of
accessibility evaluation and integrated strategies would contribute to accessibility-
based knowledge and potential propensity to use the public transits towards transport
sustainability.

Keywords Accessibility � Integrated strategy � Multi-dimensional indicators �
Socioeconomics � Sustainability

D. Prasertsubpakij (&)
Department of Applied Science, Chandrakasem Rajabhat University,
Bangkok, Thailand
e-mail: honney.pra@gmail.com

V. Nitivattananon
Urban Environmental Program, SERD, Asian Institute of Technology (AIT),
Bangkok, Thailand
e-mail: vilasn@ait.asia

M. G. Erechtchoukova et al. (eds.), Sustainability Appraisal: Quantitative Methods
and Mathematical Techniques for Environmental Performance Evaluation,
EcoProduction, DOI: 10.1007/978-3-642-32081-1_8,
� Springer-Verlag Berlin Heidelberg 2013

169



1 Introduction

Comprehensive assessment and indicator selection process seem to exclusively
affect the efficient environmental planning towards the city’s desired sustainability
goals. To provide decision-making on infrastructure and services development
projects, city planners require baseline data and trends, evaluation performance on
particular development issues and jurisdictions, and alternative solutions for suc-
cessful planning. When considering public transportation accessibility plan as an
intervention for enhancing the propensity to use public transits in metropolitan
city, effective assessment mechanisms are vital to acquire the understanding of
existing urban transportation system performance and the provisions of effective
accessibility options based on different criteria. As evidence of Bangkok
Metropolitan Region (BMR)1 where private cars continuingly dominate the city
transport vis-à-vis other modes as of the number of vehicle-kilometer traveled
(VKT) (Perera 2006) exacerbating congestion and pollution, the improvement of
public transit accessibility would be expected to be redesign for generating mode
shift from car to rail-based transportation and provide sustainable choices on BMR
future transport. In BMR case, the most contentious debates about continuing car
dependent phenomenon in the city involves the difficulty of people in access to
mass rapid transit systems (e.g., rapid elevated and underground transport) brought
by the ineffective solutions based on traditional ways of metro accessibility
development for instance, providing fare reduction or improving metro access
facilities without concerning the needs of different user groups. It also relates to
conventional strategies which have inherent limitation of holistic accessibility
assessment as a great gap. The major scope of the study is to provide appropriate
sustainable indicator selection process that can be applied for evaluating not only
metro accessibility performance, but also other organization’s environmental
performance in cities.

1.1 Definitions of Sustainable Indicators

Conceptualization of sustainable indicators emphasizes the integrated consideration
of three aspects of economic, social and environment in performance evaluation of
development projects as measurable and desirable ways to achieve long-term sus-
tainability goals. Sustainability enumerates one of the most fundamental human
desires to bring about a better future world. It was exhibited as an agenda to
simultaneously tackle the global environmental problems and to enhance the eco-
nomic development of the poor (Newman and Kenworthy 1999). The definition of

1 Bangkok Metropolitan Region (BMR) is called as Greater Bangkok comprising Bangkok
(Thailand’s capital city) plus five contiguous provinces namely Pathum Thani, Nonthaburi,
Nakhon Pathom, Samut Prakan and Samut Sakhon.
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sustainable development (SD) cited from Brundtland Report addressed as the
development which delicate balance amongst the human needs of the present and
future generations (World Commission on Environment and Development 1989).
This focuses on fairness between intrageneration and intergeneration that often
referred to as ‘‘the three-legged stool’’ of sustainability (May and Crass 2007). The
most popular approach to gauging SD has been the employment of indicators and
indices, and index being and an amalgam of more than one indicator (Liverman et al.
1988 and Quarrie 1992 cited in Bell and Morse 2003). Terminology is rather fluid,
with labels such as sustainability indicators and indicators for SD being employed in
various contexts. An ‘indicator’ may be defined as ‘an operational representation of
an attribute (quality, characteristic, property) of a system’ (Gallopin 1997 cited in
Bell and Morse 2003).

Regarding sustainable transportation indicators, there is a great concern to
capture the balance set of indicators according to three sustainable aspects to
measure a transportation performance in order to ensure transportation sustain-
ability. To comprehend a sustainable transport planning, it takes a great deal of
selecting an appropriate set of indicators that insists sustainability aspects (Litman
2007). Transport indicators can judge whether the transportation system and its
impacts are good or bad depending on the community it serves.

In this chapter, the term ‘‘sustainable accessibility indicators’’ is developed that
has been mentioned in many literatures (le Clercq and Bertolini 2003; Cheng et al.
2007; Curtis 2008). Developing sustainable accessibility indicators can be used as
a key tool to design sustainable transport policies and plans by analyzing problems
and evaluating alternative solutions for transportation sector, by which three key
areas of sustainable development including economic, environment and social
were considered. Although the words of transport accessibility and sustainable
development are currently very different, a marriage between two terms could be
magnificent (Gladwin et al. 2004). Sustainable transport accessibility involves
broadly enriched the theoretical understanding of accessibility characteristics. It
should be more concerned about social, economic, land use, temporal, and
behavioral components (Cheng et al. 2007) besides transport components (travel
time, cost and effort) (Geurs and van Wee 2004).

1.2 Metro Accessibility System: Multi-Components
and Interactions

To develop accessibility assessment framework, this approach possess the
combination of various components of accessibility and its interactions as illustrated
in Fig. 1. The study also merges a perspective of metro accessibility and sustainable
development by concerning more social, environment and economic in the way of
influencing people to access metro services that leads to increase mobility needs,
productivity, environment, and quality of life that creates sustainable transportation.
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This concept ravels the gap of a holistic accessibility study by formulating the
balanced integration of multifaceted concepts of accessibility, that is, built-
environment, socioeconomic, psychosocial, temporal, and equity aspects that
compatible with sustainability criteria referred as the term a sustainable metro
accessibility, which provides practical practices to pursue a path of sustainable
transportation. This innovative approach demonstrates the interaction of the
accessibility characteristics between environment, people (individual), time, and
activities within metro accessibility assessment systems that parallel to the
meaning of sustainable access or true access. It is important by this approach that
accessibility assessment should concern not only typical user groups but also
disadvantaged groups, such as women, the elderly and the disabled, to enhance
equitable access for all user groups.

1.3 Metro Service Situation in Bangkok Metropolitan
Region, Thailand

With rapid urbanization, the population of Bangkok Metropolitan Region (BMR),
Thailand is over 10 million with severe peak hour traffic speeds about 10 km per
hour throughout much of the metropolitan region. The authorities have a big effort
to attract investors to develop metro systems in the late 1980s and 1990s, consisted
of three lines- Blue, Red and Green. During the period, the Red and Blue Lines

Metro accessibility system

Built-environment 
• Connectivity, 
• Mixed use, 
• Urban environment, etc.       

Psychosocial
• Safety,
• Trust,
• Comfort,
• Social usefulness, etc.

Socioeconomic
• Income,
• Occupation,
• Basic needs,
• Market-based, etc.

Environment Social Economic

Interaction

Equity

Temporal
• Activity period,
• Duration, 
• Time,
• Activity obligation, etc.

Fig. 1 Multi-dimensional accessibility components and interactions
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were planned and designed as elevated, called BTS skytrain systems. In 1994, the
government made a decision to require the MRT lines to be built subway or mass
rapid transit (MRT) within a 25 square km zone in inner-city Bangkok. The
decision resulted in that Bangkok Land Public Company Limited withdrew from
the Blue Line project, which subsequently became an MRTA project. Under-
ground construction started in the year 1997 on the USD 3.08 billion. MRTA
granted the 25-year concession to Bangkok Metro Company Limited (BMCL) in
the year 2000 to operate the MRT lines which officially opened for services in
2004 (Phang 2007). The 15 km skytrain (green line) was built to serve downtown
Bangkok and its alignment included two main routes, namely Si Lom and
Sukumvit routes. In the year 1991, Tanayong Public Company Limited, a Thai real
estate company, was selected from BMA to be purely privately financed because
the company proposed the reasonable fare. And then, Tanayong developed a
separate company, namely the Bangkok Transit System Company (BTSC), to
build and own the concession. The concession contract provided for fare in-creases
every 18 months in consistent with the increase in consumer price index. In the
opening year, number of BTS passengers has been below the forecasted 570,000
level (just one-quarter forecast). The passengers in the year 2010 carried an
average of 350,000 passengers/day.

Regarding organizational arrangement, there are various agencies with
responsibilities in the metro sector in BMR, as shown in Table 1. These agencies
involve BMA, transport department, public enterprises (MRTA) and metro com-
panies (BMCL and BTSC). Moreover, there are national governments, provincial
governments (authorities of peri-urban Bangkok) and other authorities that are

Table 1 The existing agency functions of metro services in BMR, Thailand

Existing functions related to metro
accessibility

BTS skytrain MRT subway

Policy and planning
Line extensions (connectivity

improving)
OTP OTP

Land use and metro accessibility Department of city
planning BMA

Department of city
planning BMA

Program development and management of infrastructure provision
Design BMA OTP, MRTA
Facility construction BMA MRTA
Delivery of works BMA MRTA
Maintenance facilities BTSC BMCL
Service delivery on operation and maintenance
Service delivery provisions BTSC BMCL
Ticketing and marketing BTSC BMCL
Service specification BMA MRTA
Contracting and contract compliance BMA MRTA

BMA Bangkok Metropolitan Administration, BMCL Bangkok Metro Company Limited, BTSC
Bangkok Mass Transit System Public Company Limited, MRTA Mass Rapid Transit Authority,
OTP Office of Transport and Traffic Policy and Planning.
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responsible to implement the metro services. It is unavoidable that a large number
of agencies related to metro planning, operation and implementation creates
conflicts due to uncoordinated works. It is always a difficult job in the pattern of
multi-agent planning and implementing form.

Bangkok’s planning bodies have come up with two types of metro systems for
Bangkok and peri-urban Bangkok. The administrative impact of a cooperative
urban development in BMR can be viewed from no integrated fare and ticketing
systems between BTS and MRT system. With this problem, it is inconvenient to
use as an access barrier imposed by ‘standalone’ concessioning (World Bank
2007). It might be relatively difficult to put an integrated ticketing system into
practice due to each public transit operator supplying its own equipment. This
concern is an example of metro access problems relating to institutional aspect in
BMR.

The trends of metro service improvement according to this respect should be
considered in integrated metro systems (both BTS and MRT system) with bus and
paratransit systems as major feeder modes in terms of cooperation organization
and fare policy. Currently, people in BMR using various feeder options access
metro services. It is unfortunate that there had been little formal integration of
other public transports in BMR. It should be considerable the opportunity to
restructure bus and van routes to better serve metro lines in the catchment area.

1.4 Access Problems on Metro Services Regarding
Multi-Aspects

According to built-environment aspect, the majority of people in BMR live far
from stations (Prasertsubpakij and Nitivattananon 2012) and metro lines lack of a
total coverage of the network around and through the large settlements and resi-
dential areas outside of the inner Bangkok. Therefore, metro systems were not
built to transport passenger from their homes to their activities in the inner city or
the Central Business District (CBD). To date, people in BMR would use the metro
services, in case they can access to feeder service that could provide satisfactory
service quality and reasonable price for the whole trip of metro travelling. Access
to stations always involves a mixed-access mode pattern for example, at Saphan
Taksin Station (the station is located near the Chao Phraya River), people use
multi-modes i.e., walk ? bus ? boat, walk ? van ? boat, hired-motorcycle ? -
bus ? boat (except for elderly and handicaps). For the other stations, the access
pattern is walk ? paratransit, walk ? bus, walk ? bus ? paratransit, bicycling or
car only. This occurrence has an effect on travel costs, time and satisfactions across
user groups. In addition, the individual costs from the one way trip from origin to
destination reach 100 THB.2 In this case, users who travel 10 trips per week (daily

2 THB Thai baht (1 THB = 0.0326 US dollars, as of November 2012).
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use) have to pay 4,000 THB for travel costs per month. If people who earn less
than 10,000 THB/month, they need to spend half their salary for travel. However,
if the estimated costs from travel are very high, they have tried to reduce their
trips, found incentive and used mixed-modes instead.

In terms of temporal characteristics, time allocation and duration of activities or
time restriction can affect the accessibility that is less concerned on metro planning
and operating. In the morning peaks, the origin of metro trip comes from respon-
dents’ house location where far from metro stations. People travel by variety of
feeders from their place to access closet station. Most of passengers found in this
period are daily-users. The majority of trip purpose involve mandatory trip, such as
go to work or go to school. For evening peaks, in contrast, people have short access
distance from their activities (school or work place) to station. However, the des-
tination of trip in this period has various possible alternatives, such as go back to
their home or go for social purposes. In case of going home, they have to catch
variety of modes to reach their houses. In during 10 am–16 pm, metro passengers
access metro for shopping, having lunch or recreational purposes. There are various
user groups found in this period in both of work and non-work groups. This includes
disadvantaged groups, such as non-work women, the elderly and disabled people. In
this period, feeder modes are scarce and irregular. People who travel in off-peak
hours always face transport connectivity problems and inconvenient mobility.

According to access behavior of different user groups, researchers traced 25
passengers each station for investigating access and egress behavior of different
user groups. The results from Table 2 show that access to and egress from station
creates problems to both men and women in waiting and catching feeder modes.
At night, women are vulnerable in park and ride that were located to walk distance
from station. Women also have to cope with overcrowded and irregular public
transport in access to and egress from station. Disabled people continue to face
problems related to access mode opportunities, negative attitudes and environ-
mental barriers. Women with disabilities face certain unique disadvantages com-
pared with disabled men in many cases, e.g., feeder mode availability, special
facilities for the disabled, universal signaling, elevators and sidewalk. The elderly
people are obviously disadvantaged at present as to their personal accessibility.
These groups need special attention when access-enhancing policies are designed.
Women and disabilities in old edge suffer economic disadvantages due to gender
biases in labor markets, person coverage and income generation opportunities.
Despite, they got incentive from metro service but they have to spend more to
catch taxis because of lack of convenience in catching bus or other modes.

2 Literature Review

Various previous researches applied some indicators to measure transport accessi-
bility performance; albeit they interpreted the term ‘‘access’’ or ‘‘accessibility’’ in only
a single-view of the sense of physical accessibility (Zegras and Srinivasan 2007;
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Odoki et al. 2001; Zhu and Liu 2004) through how to find the effective way to help
people to reach their destination or how to facilitate reaching (Tyler 2002). The metro
accessibility in a view of physical perspective mainly indicates how it is efficient in
terms of transport characteristics that describe the transport system, expressed as the
disutility for an individual to cover the distance between an origin and a destination
including the amount of time for traveling, waiting and parking, costs, effort, transit
system’s location and its characteristics. In this case, there are various criteria and
indicators for measuring physical accessibility. Many efforts are found in previous
researches e.g., Wardman et al. 2007; O’Sullivan et al. 2000; Guan et al. 2007; Guo
and Wilson 2007; Chalermpong and Wi-bowo 2007; Vandenbuloke et al. 2009;
Chalermpong 2007; Rodriguez and Targa 2004; Bollinger and Ihlanfeldt 1997; Bowes
and Ihlanfeldt 2001; Odoki et al. 2001.

For example, Zhu and Liu (2004) measured the impact of the new mass rapid
transit (MRT) lines on accessibility in Singapore by integrating GIS technique.
The study identified the assumptions related to average speed of MRT, time
transferring, waiting time during peak hours, bus feeder services and the shortest
street paths from origin to end destination.

Accessibility assessment framework of Zhu and Liu (2004) was conducted by
using the network time matrix function by classifying accessibility into four
purposes including accessibility to CBD, to commercial and industrial activities
and to working population with illustrating by before and after scenario. The
findings found the spatial variations of accessibility in relation to working popu-
lation, industrial and commercial opportunities. Another is O’Sullivan et al. (2000)
developed desktop GIS application for accessibility assessment. The study was
taken by the knowledge ground of the space–time accessibility measurement. The
generation of isochrones (lines of equal travel time) for journey by public transport
in Glasgow such as bus and underground services was investigated. The acces-
sibility study in the trip include an initial walk to access a public transport stop, a
number of interchanges between services of the same or different modes, and a
final walk. However, the summary of literature review related to accessibility
assessment study is classified into two groups including the assessment of metro
accessibility performance and the accessibility assessment regarding transport
components as presented in Table 3.

Nevertheless, the numerous definitions of accessibility from previous studies
are still far from contributing meaningfully to the goal of true access or sustainable
accessibility. Sustainable access on transportation should go beyond traditional
practice of accessibility assumptions in perceiving holistic views of accessibility
systems. This concept focuses on reaching to a destination and satisfying a human
need, compared to only having the potential to access the resource with regard to
the relationship of land use systems, transport networks and mode availability,
travel behavior, temporal conditions, and costs (Becker 2004).
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3 Sustainable Metro Accessibility Indicators

This section involves how to select sustainable metro accessibility indicators for
metro accessibility assessment framework. The main steps of indicator selection
are based on participatory approach and intensive information-gathering from key
informants interview, questionnaire survey and secondary data collection.
Weighting process was used to select sustainable metro accessibility indicators
according to five-point Likert scaling regarding the rate of linkage with sustainable
metro accessibility through 30 experts from multi-disciplinary of related fields.

3.1 Pre-selection of Sustainable Indicators: Literature
Review

In the first step, a given set of indicators was selected from literature review and
key informant interview. A tentative set of metro accessibility indicators was
developed by integrating various aspects of accessibility with specific definitions.
A set of hypothesized indicators was categorized into sustainability criteria
including social, environment and economic groups. Only some of them have been
found to be sustainability indicators, and these are the ones that should be given
foremost consideration in order to applied for integrated accessibility assessment
approach. Moreover, the selection proves was considered underlying the role of
equity and justice.

3.2 Indicator Selection Process: Stakeholder Involvement

Next step is related to participatory approach. 30 representatives of various groups
of stakeholders, such as local authorities (BMA), metro business [Bangkok Mass
Transit System Public Company Limited (BTSC) and Bangkok Metro Public
Company Limited (BMCL)], Mass Rapid Transit Authority (MRTA), Office of
Transport Policy and Planning (OTP) and other interested groups were chosen and
taken into account for indicator selection. In this stage, questionnaires comprised
of the indicator set were sent by e-mail and by post to interdisciplinary experts
related to multi-dimensional accessibility in order to weigh a score using a five-
point Likert item (Likert 1932) and give us a suggestion. All experts were asked to
rate the importance of each metro accessibility criteria, sub-criteria, and indicators
to the sustainable metro accessibility according to a five-point Likert scale
(‘‘1’’ = an accessibility indicator reflecting the lowest relevance to the issue of
sustainability while ‘‘5’’ = an accessibility indicator reflecting the most direct
relevance to the issue of sustainability). The study applied average weighted index
to select favorable indicators (based on 70 % up).
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Weighted Average Index WAIð Þ ¼ fssð1:0Þ þ fsð0:75Þ þ fpsð0:50Þð
þ fnsð0:25ÞÞ=ðni � NÞ

ð1Þ

where
fss frequency of strongly satisfied;
fs frequency of satisfied;
fps frequency of partially satisfied;
fns frequency of not satisfied;
ni number of item;
N total number of observations.

At this stage, a total of 22 indicators and criteria are left as shown in Table 4
and Fig. 2. Only some of them have been found to be sustainability indicators, and
these are the ones that should be given foremost consideration in order to be
applied for integrated accessibility assessment approach.

3.3 A Set of Sustainable Metro Accessibility Indicators

Albeit a set of indicators were purposely developed for metro accessibility
assessment framework, this indicator selection process can be vindicated and then
applied for opting sustainable indices for different types of environmental per-
formance evaluation. According to weighting process, all criteria were selected
with score [70 %. Figure 2 illustrates the results of indicator selection. The
findings demonstrate that three sub-criteria are rejected from weighting process
such as weather, socializing and attitudes because of low linkage with sustain-
ability concern. It is automatically ignored seven indicators belonging to such sub-
criterion. Twenty two indicators (Table 4) were accepted by experts with the
rationale of highest, high linkage with sustainable metro accessibility based on
various reasons. For example, park and ride indicator (0.682) was rejected by
weighting process since the experts gave opinions that such indicator supports car
usage leading to unsustainable urban transportation. Regarding social equity cri-
terion, indicators in relation to opportunity to access of different user groups
(0.727) and equality to access of different user groups were strongly accepted by
the process based on the reason of long-term social sustainability and equity
perspective. When considering temporal aspect, time and trip for out-of-home
activities (0.636 and 0.614, respectively), and situational factors (0.614) were
disregarded by reason of the characteristics of changeability. With economic
consideration, only spending capacity (0.682) and perceived quality (0.5) indica-
tors were ignored by with the same reasons.
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Table 4 A tentative set of sustainable metro accessibility indicators

Aspect Indicators Detailed indicators

Built-environment 1. Land use mix and
diversity of uses

Land use mix diversity indicators

2. Potential of connectivity Degree that roads and paths are
connected and allow direct
travel between destinations

3. Compact and
centeredness

Percentage of residential,
commercial, employment and
other activities nearby site
stations within 500 m radius

4. Attractiveness of metro
utilities design

Level of attractiveness
summations of utility design
adopted to optimize the use of
metro services

5. Urban environment Level of attitudes related spatial
knowledge, modal experiences,
paths and access behavior

Psychosocial 6. Information availability Satisfaction level of continuous
availability and usability of
obtained information sources

7. Attitude of continuity of
route

Perception on transport and
information provision, or any
support for understanding
metro route links and
transferring

8. Comfort Satisfaction level of people on
cleanliness, lighting, weather,
ventilation, shade, etc

9. Trust The extent to which attitudes of
willingness to confidence in
ability, perceived control and
quality of management

10. Social usefulness The extent to which attitudes on
positive feelings of users on
metro services on perceived
support

11. Safety Sufficient level of commitment of
safety planning and operation

Socioeconomic 12. Market-based Attitude measurement on ‘‘do you
get what you pay for’’

13. Basic needs Level of attitudes on how metro
services response their needs
and desires

14. Affordability by income Personal income per month (Baht
per month)

15. Occupation Occupation of respondents

(continued)
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4 Development of Metro Accessibility Assessment Model

4.1 Assessment Model Formulation

A formation of integrated metro accessibility assessment framework in order to
assess accessibility performance of metro systems in BMR is based on the method

Table 4 (continued)

Aspect Indicators Detailed indicators

Equity 16. Opportunity The extent to which attitudes of
respondents think that they are
taken into account in an equal
manner

17. Equality The extent to which attitudes of
respondents think that they
receive equal benefit from
services

Temporal 18. Activities obligation The distance of activities location
from stations (km)

19. Time obtaining Total time (mins)
20. Trip purpose The characteristics of trip purposes
21. Trip duration Duration preference of metro trip
22. Activity period Time period of target activities

Sustainable Metro Accessibility

Environmental Sustainability Social Sustainability Economic Sustainability

Built-environment 
(0.886)

Facilities 
environment

(0.682)

Connectivity 
& mixed use 

(0.795)

Design 
attractiveness

(0.75)

Urban 
environment 

(0.795)

-Land use 
mix& diversity 
of uses (0.795)
-Connectivity 
(0.886)

-Park and ride 
space (0.682)
-Presence of 
lights during 
night (0.636)

-Attractiveness 
of metro 
utilities (0.75)

-Spatial 
features (0.75)
-Compact 
(0.841)

Psychosocial 
(0.795)

Social equity   
(0.773)

Temporal
(0.864)

Satisfaction 
(0.795) 

Psycho 
social 

(0.727)

Socializing 
(0.5) 

Attitudes
(0.455)

-Information   
Availability 

(0.75)
-Continuity of 
Route (0.795)

-Empathy (0.591)

-Comfort  (0.727)
-Trust  (0.727)
-Self esteem
(0.614)
-Social 
usefulness(0.705)
-Safety (0.795)

-Social support 
(0.5)
-Social norm (0.5)
-Cultural 
Preferences (0.5)

-Sensory (0.455)
-Cognitive 
(0.455)
-Emotional 
(0.455)

Equity 
(0.773)

Social 
justice 
(0.682)

-Opportunity 
to access of 
different user 
groups 
(0.727)
- Equality to 
access of 
different user 
groups 
(0.773)

-Social 
progress 
(0.682)
-Justice 
(0.682)

Time and 
activity 

obligation 
(0.75)

Out of 
home 

activities 
(0.636)

Time 
operation 
(0.864)

-Activities 
location 
(0.75)
-Trip 
purposes 
(0.727)

-Time-
expenditures 
for out-of-
home 
activities 
(0.636)
-Trip of out-
of-home 
activities 
(0.614)

-Trip 
duration  
(0.864)
-Situational 
factors 
(0.614) 
-Duration of 
target 
activities 
(0.705)

Socioeconomic 
(0.886)

Affordability 
(0.864)

Saving and 
spending 
capacity 
(0.682)

Willingness 
to pay 

(0.636)

Needs & 
market-
based

(0.705)

-Income 
level(0.864)
-Ticket price 
(0.614)
-Household 
characteristics 
(0.614)
-Occupation (0.75)

-Saving capacity 
(0.682)
-Spending capacity 
(0.682)

-Education (0.5)
-Gender (0.5)
-Age (0.5)
-Perceived quality 
(0.5)
-Incentives (0.612)

-Basic needs 
(0.705)
-Market-based 
(0.705)

Fig. 2 Selected sustainable metro accessibility indicators by expert groups
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of developing a sustainability assessment model of Yigitcanlar and Dur (2010).
Factor analysis is applied to cluster twenty two indicators from above step. With a
purpose of ensuring suitability for conducting factor analysis, the study applied
Kaiser-Mayer-Olkin (KMO) test (Kaiser 1960) for measuring the adequacy of a
sample in terms of the distribution of values for the execution of factor analysis
and Barlett’s test (Geourge and Mallery 1999) of sphericity for determining if the
correlation matrix is an identity matrix (sig. 000), which would indicate that the
model is inappropriate. The result of the KMO test is 0.603 and Barlett’s test of
sphericity illustrates a probability values of 0.000 (Table 5). Both tests indicate the
suitability of the indicator set for factor analysis.

In the next step, factor extraction is carried out through factor loadings to find
the correlations between each indicator. High factor loadings mean that the
selected indicators are critical (Kline 1996). To determine the number of indicators
retained, both eigenvalues and communality techniques are applied for the anal-
ysis. The results of total variance explained from SPSS show the eigenvalues of 10
indicators over 1 that should be retained (Kaiser 1960).

For the communality, referred as a proportion of variance of variable in com-
mon with each pattern, indicators with factor loading value less than are eliminated
(see Table 6). Furthermore, the study also makes use of ‘Scree test’ (Cattell 1978)
to consider number of indicators retained. The results of scree plot from SPSS
generate the influential indicators that should be kept for assessment, which are the
ones on the steep slope (Prasertsubpakij 2012). Table 6 shows ten indicators
grouped by factor analysis approach. The researcher gave a new name for each
acceptable indicator that covers the domain of the predictors being measured based
on literature review and the opinions of experts.

4.2 Model Application and Discussions

One example of model application was used for assessing metro accessibility
performance in BMR to scrutinize how user groups access metro services based on
BMR empirical case Based on this study, 600 individual passengers at various
stations were asked to rate the questionnaire that simultaneously considers
accessibility aspects of spatial, feeder connectivity, temporal, comfort/safety,
psychosocial and other dimensions. The model called as Users Disaggregated

Table 5 The results of KMO and Bartlett’s test for indicating the suitability of the indicator set
for factor analysis

Kaiser–Meyer–Olkin measure of sampling adequacy. 0.603

Bartlett’s Test of Sphericity Approx. Chi Square 8.483 E3
df 351
Sig. 0.000
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Accessibility Model (see Fig. 3) elucidates the potential effects of psychosocial,
comfort and safety and other dimensions to the disabled, elderly, in fact, not
performing well in light of their needs and abilities on their experiences with
accessibility. The model illustrates how socioeconomic segment influences more
to the rights of women in services accessible. Figure 3 represents the multi-
dimensional accessibility assessment for metro services across user groups of

Psychosocial  (Y1)

Temporal (Y2)

Affordability (Y3)

Need and market-
based (Y4)

Connectivity and 
mixed use (Y5)

Design 
attractiveness (Y6)

Equity (Y7)

Time and activity 
obligation (Y8)

Urban environment 
(Y9)

Men

Women

Elderly
Psychosocial  (Y1)

Temporal (Y2)

Affordability (Y3)

Need and market-
based (Y4)

Connectivity and 
mixed use (Y5)

Design 
attractiveness (Y6)

Equity (Y7)

Time and activity 
obligation (Y8)

Urban environment 
(Y9)

Men

Women

Elderly

Disabilities

Psychosocial  (Y1)

Temporal (Y2)

Affordability (Y3)

Need and market-
based (Y4)

Connectivity and 
mixed use (Y5)

Design 
attractiveness (Y6)

Equity (Y7)

Time and activity 
obligation (Y8)

Urban environment 
(Y9)

Men

Women

Elderly

Disabilities

Psychosocial  (Y1)

Temporal (Y2)

Affordability (Y3)

Need and market-
based (Y4)

Connectivity and 
mixed use (Y5)

Design attractiveness 
(Y6)

Equity (Y7)

Time and activity 
obligation (Y8)

Urban environment 
(Y9)

Men

Women

Elderly

Disabilities

Psychosocial  (Y1)

Temporal (Y2)

Affordability (Y3)

Need and market-
based (Y4)

Connectivity and 
mixed use (Y5)

Design 
attractiveness (Y6)

Equity (Y7)

Time and activity 
obligation (Y8)

Urban environment 
(Y9)

Men

Women

Elderly

Disabiliti
es

Psychosocial  (Y1)

Temporal (Y2)

Affordability (Y3)

Need and market-
based (Y4)

Connectivity and 
mixed use (Y5)

Design attractiveness 
(Y6)

Equity (Y7)

Time and activity 
obligation (Y8)

Urban environment 
(Y9)

Men
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Elderly

Disabilitie
s

(a) (b)

(c) (d)

(e) (f)

Fig. 3 Metro accessibility performances of selected stations disaggregated by user groups. Note
a Accessibility scores 0.00 indicates very poor accessibility performance, ranging to accessibility
scores 1.00 indicates very good accessibility performance. b T-test sig. at 95 % confidence level
for male and female accessibility = 0.042 (t-values 2.638), for typical and disabled
users = 0.027 (t-values 2.215), and for typical and elderly people = 0.363(t-values 0.910).
Source Prasertsubpakij and Nitivattananon (2012)
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selected stations. The detailed examination shows that women, the elderly and
disabled were found to have difficulty accessing services in several aspects.

There is various ways to assess metro accessibility performance. While, con-
ventional assessment or one-side approach based on previous researches is pop-
ularly used as a common practice by planners in investigating the performance of
metro access phenomenon that always attains unsustainable results, this assess-
ment framework presents an alternative accessibility measurement unit, which can
be useful for transport planners and decision-makers in local government, enter-
prise and metro companies to understand a true access perspective that usually is
affected by many factors. Innovative evaluation framework are encapsulated the
combination of versatile aspects of metro access regarding environment, social and
economic aspects to ensure a sustainable metro accessibility. The model and data
in this research are also being applied by consultants in those questions and
assumptions which need to be appropriately adjusted. The integrated indicator
model may be useful to measure the accessibility performance of across user
groups.

4.3 Model Limitations and Recommendations

Though Users Disaggregated Accessibility Model captures the holistic view of
accessibility consideration along with the balanced access priorities of different
user groups, there are some limitations that come with the model as well. It lacks
the comparative non-user based model for comparison purpose; hence non-user
study is suggested to fulfill the gap particular in the behavioral and psychosocial
responses, socioeconomic and barriers of non-users on using the services. The
comparison of the access decisions to services amongst groups is recommended
for areas of further research.

With our suggestion, the adjustment of the model or assessment framework
could be involved in recognition of the measurement of preferences between
traveler and non-travelers on mode choice decision underlying the behavioral
economics and psychological approaches. Modification of model might consider
the approach of geographical configuration and benchmarks. Regarding this point
of view, user-based and non-user-based accessibility model with a focus on
different conditions of urban zones across socioeconomic segments can be
integrated. Another limitation is related to the narrow set of performance indi-
cators that falls so far short of a complete analysis of economic and institutional
impacts. For limitations on the assessment process, due to limited time and
resources, the study selected only some stations for assessment framework. There
is inevitably a balance to be struck between the sizes of the metropolitan areas to
be modeled.
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5 Multi-Dimensional Metro Accessibility Performance
and Integrated Strategies Via Sustainable Indicators

5.1 Accessibility Performance of Bangkok Metro Services

This section aims to draw the illustration of various dimensions of accessibility
performance based on BMR, Thailand empirical case by using the model devel-
oped by the study. The study was carried out as part of a field survey, by which a
sample of metro users was selected from site stations of BTS skytrain and MRT
subway in BMR, Thailand. The users were chosen by random sampling for
interview. We asked them for e-mail address and phone number contacts for
getting more information needed. 600 samples were reached in 3 months. Our
questions are divided into three parts. First, respondents at stations answered the
questions about individual trip characteristics. This includes residential location,
trip purpose and destination. We recorded the information about gender, age,
status, income, education, vehicle ownership and trip frequency. Second part of
questionnaire assigned questions in relation to data supporting multi-dimensional
accessibility assessment. The information can be used for synthesizing the current
situations. The next part is a vital part. Participants were asked to fill questions
according to influential factors. Opinions of access to metro services were dis-
cussed and suggested. Assessment results regarding multifaceted indicators of
metro accessibility e.g., built-environment, psychosocial, socioeconomic, and
temporal dimensions are more described as follows:

Regarding built-environment aspect, incompatibilities between transporta-
tion—land use—users—services as crucial concerns for metro accessibility
restriction were found in the study based on our model. There is weak evidence of
transport network connectivity in BMR. As non-efficient physical accessibility, it
is manifestly seen that BMR land use illustrates sprawling configuration that
affects people in difficult approachability from their houses to metro stations or
from stations to their proposed destinations. Metro lines have not been well
organized and poor coordinated with other public transport networks. BMA has a
city planning vision in relation to improve public transport access for all but in
reality; the implementation is very weak because of incoordination of various
stakeholders and fragmented authorities in different geographical scales. Regard-
ing the performance from built-environment indicator engaging integrated com-
pact and urban environment parameters, the density of selected stations seem
plausible to describe a spatial feature of sprawling growth. It results in low level of
metro accessibility with mean values less than 0.5. The expansion of town can be
defined as decentredness that supports car-oriented design and discourages the
public transit usage. From the survey, sprawling increases travel time, for instance,
the shortest average total time—less than 30 min—amongst the respondents are
found only people who live nearby stations or within the neighborhood.

According to temporal aspect, activity engagement and time opportunity of
different user groups accessing metro services are a key premise of accessibility
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performance. Its interaction associates the trip-making behavior of gender differ-
ences and other groups in social inclusiveness. Considering temporality (activity
period, trip purpose, duration), the study demonstrates a good performance of
metro accessibility with the mean values of 0.625 (Prasertsubpakij and Nitivat-
tananon 2012). The rationale of this performance result is determined by the long
period of mandatory trip (go to work or go to school), mainly in case of peak
period. The peaks represent relatively high level of feeder choices, in which there
are a large number of activities to be undertaken in full (Ashiru and Nielsen 2001).
According to time and activity obligation, most of metro commuters try to save
their time use on metro travel. The average total time use is calculated by the
combination of access and egress time and time use on metro services. The
findings illustrate that almost 60 % of respondents have the average total time
\50 min. Compared with single-car or single-bus usage, metro travel provides
efficient time savings. Regarding another component of this indicator, the per-
formance is measured by the distance between end-station and activity-location
(km) or the egress distance (km). It is not surprising that the majority (about 73 %)
demonstrate a good performance with the lowest average egress distance\2.4 km
(Prasertsubpakij 2012).

With socioeconomic consideration, there has been a great deal of debate over
the issue of how to make metro services more affordable and accessible to all,
especially in BMR. Ac-cording to the survey, about 70 % of respondents earn
monthly income of 10,000–20,000 THB (&USD 285–270). People who earn less
than 10,000 THB/month are counted around 17 %. In this case, most of them are
unemployed and students. Meanwhile, average total expenditures per trip for
individual is very high about 61–80 THB/trip, so passengers appear to be afford-
less. The mean value of level of metro accessibility regarding affordability aspect
is 0.466 that indicates poor accessibility. The findings are supported by
Ketraungroch (2008) that addressed metro transits in Bangkok can be of use for
households whose monthly income is greater than 15,000 THB (&USD 435).
Regarding basic needs and market-based indicators, the attitude test results attest
that the majority of respondents feel partially satisfied about the basic needs and
market-based indicator or feel that ‘they get what they pay for’ with 45.3 and 47 %
respectively. However, people of each group share different opinions on this
respect. In terms of how well the needs are met, all user groups need better side
walks, especially in BTS stations, the specific instrumental facilities and feeder
availability. However, the findings of overall performance regarding need and
market-based indicator show high level of metro accessibility performance with
mean values of about 0.6 (Prasertsubpakij 2012).

The performance based on psychosocial indicator including safety, social
usefulness, trust, and comfort predictors represents the high level of metro
accessibility with the mean values of about 0.691 (Prasertsubpakij and
Nitivattananon 2012). It is apparent that the psychosocial effects that strongly
associated with behavioural responses to access are found in a good perception.
More than a half of respondents have positive feelings on perceived support or
social support from media, family and education in order to provide them with
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easier access. In addition, the majority of metro commuters feel satisfied by indoor
environment (e.g., cleanliness, lighting, weather, seat and comfort, etc.) For safety
issue, 55.3 % of respondents feel confident about the safety policy, planning and
management of metro systems as well as the reliability on services. There are
23.5 % of people who feel partially confident. Only 2.8 % of respondents have low
confidence because they are afraid of crime opportunity and emergency situations.
The overall performance regarding psychosocial respect seems to be a good per-
ception; however, if we consider the equity access among different user groups.
The performance is quite poor. Disadvantaged groups, mainly the elderly and
disabled people express very low perception on this concern. They find it incon-
venient to access the services and have faced difficulty due to indirectness of route
and waste of time on transferring as well as creating opportunity costs.

5.2 Integrated Strategies

It was revealed by this study that BMR metro passengers faced unsustainable
access that requires strategies and potential options to improve and to sustain
metro services. Regarding the evaluation performance, it illustrated low level of
accessibility performance in some aspects, such as affordability, equitable service
quality and built-environment aspects. Hence, firstly, policy implications based on
poor performance related to land use planning and path and facility design should
be considered by city planners. Transit-Oriented Development strategy regarding
mixed use development can play a key role. Secondly, innovative strategies should
encourage and enable service usability for all. Improving station facilities through
the development of single-fare system and appropriate physical infrastructures are
needed. Thirdly, since psychosocial aspect, mainly behavioral responses to access
of different user groups is a key concern for achieving equitable access for all.
Gender differences in affordability and temporal aspects of metro accessibility can
provide a special concern to improve key facilities, scheduling and fares for
enhancing women’s access to services. Another strategy should focus on
strengthening formal and informal education and communication through multi-
medias in order to foster a service confidence, to change cultural preferences from
car usage to use public transit services as long-term access behavior change.

Another consideration based on the study is that context of behavior responses
to access were discussed from individual actions, intentions and perceptions to
metro accessibility as the absence of previous researches. It is defined as the social
concern of metro accessibility systems that are relatively poorly understood. Social
interactions within metro accessibility systems are important and powerful ways of
illustrating individual access behavior that can sustain metro services. It presents a
relationship between access and explanatory characteristics at a range of spatial
accessibility patterns. Such social factors may affect how people with different
abilities, ages, genders, and ethnicities access public transport and reflect access
behavior and needs.
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In addition, not only socioeconomic demographics but also personal access
behavior and attitudes towards willingness to access metros are found to consid-
erably affect the commuter mode choice that might discourage car preferences.
Unsatisfied psychosocial indicators and difficulties of using metro services might
show the negative effects on all public transport patronages. Negative attitudes
towards comfort and convenience of metro accessibility might pose the potential
of choosing car rather than metro services. Therefore, it is necessary for trans-
portation planners to focus on the socioeconomic and psychosocial indicators
towards the combination of other aspects of accessibility evaluation in order to
enhance the performance of metro accessibility in cities.

6 Conclusions

The manifestation of the accessibility performance of Bangkok metro services
explicates the significance of the balance integration of multi-dimensional aspects
of accessibility appraising sustainability perspectives or the economic, social and
environmental influences on the city plan. Our approach on combination of dif-
ferent components of accessibility is one example of shifting from one-sided
approach popularly used as a common practice in investigating the transportation
performance to cross-solutions that can be considered as a part of the sustainable
appraisal process to ensure the decision of planners in order to achieve sustainable
development (SD). This assessment framework presents an alternative accessi-
bility measurement unit, which is valuable for transport planners and decision-
makers in local government, enterprise and metro companies to understand a true
access perspective that is usually affected by many factors. Currently, the BMR
has ongoing projects that need to carefully design by addressing key needs of
different user groups regarding multi-dimensional aspects. The model and data in
this research are also being applied by consultants in those questions and
assumptions which need to be appropriately adjusted. The integrated indicator
model may be useful to measure the accessibility performance of other transit
services or any related public transportation service across user groups. Our
indicator selection approach can be applied for evaluation of sustainability of other
organization’s environmental performance as well.
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How District Energy Systems can be Used
to Reduce Infrastructure Costs
and Environmental Burdens

Terri Chu and Sandra Yee

Abstract District Energy Systems are increasing in popularity but their economic
viability is usually analyzed narrowly in terms of capital costs and energy savings
to the customer and revenues to the utility provider. Traditional feasibility analyses
of DESs do not recognize the economic benefits to municipalities and regional
governments. By having a DES, electricity demand during peak times can be
reduced. A reduced demand means fewer electrical peaking stations will need to
be built thereby saving regional governments substantial sums in infrastructure
costs. Another noteworthy benefit is the cost of storm water retention. DES is an
enabler of storm water retention technologies. By using DES rather than a tradi-
tional rooftop mechanical room, space is made for water retention technologies
that could not otherwise be built. By reducing the amount of water flowing from a
building site, municipalities reduce the risk of sewer overflows and can reduce the
infrastructure required for storm water containment. Lastly, a DES produces
thermal energy on a large scale and is technology neutral. The nature of DES
allows for fuel diversity and flexibility. Should the cost of any one type of fuel
increase dramatically in price, DESs have the ability to switch sources with
minimal investment. DESs will allow municipalities to ensure their communities
will be able to maintain reasonable fuel costs and a high standard of living. None
of these economic benefits are included in current feasibility analyses yet they can
be substantial. If these factors were included, the economic case for DES would be
made quite easily and communities could then benefit from the reduced carbon
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footprint for their heating and cooling. This makes a compelling case for
municipalities to support DES in their communities or legislate building connec-
tions to DES.

Keywords District energy � Municipalities � Energy reduction

1 Addressing Energy Security and Reducing
Infrastructure Costs in Power Generation
and Storm Water Management

A District Energy System (DES) has the potential to help governments, at all
levels, reduce operating and infrastructure costs. These opportunities, however, are
often left unexplored. In a free market environment, DES development will only
take place with a strong business case for a DES Utility and its customer base.
By recognizing and crediting the cost savings that a DES affords governments, the
business case for DESs would be strengthened and help policy makers to take
advantage of the eco-efficiencies these systems provide.

Understandably, governments are averse to providing financial or human capital
to support the private sector without a reasonable expectation of socio-economic
benefits for taxpayers. While these capital intensive systems do not necessarily need
government support to be economically viable, returns are often marginally below
acceptable levels for investors. By helping the private sector breach the risk/reward
threshold, municipalities could reduce their own operating costs by millions of
dollars with minimal investment and risk.

To realize the additional benefits of DESs, it is crucial to understand what
district energy systems are, the current business case for district energy, and the
economic and environmental opportunities that are complementary to government
objectives such as: power generation, storm water management, energy security,
and economic growth.

2 District Energy 101

District energy is a technical solution for providing the thermal energy used for
conditioning indoor spaces. DESs are generally comprised of three major
components:

• A common or shared energy generating facility referred to as a central energy
plant or community energy centre,

• A system of interconnected pipes that link the energy centre(s) to multiple
buildings referred to as a distribution piping system or thermal grid,
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• A thermal interface at the customer building referred to as a customer substation
or energy transfer station.

In the case of district heating, hot water (or steam) is transported through a sys-
tem of pipes and delivered to the customer buildings for space heating and
domestic water heating. The heat energy carried in the fluid is extracted by the
building’s systems and the cooled water is returned to the central energy centre, in
a closed loop piping system, where it is reheated for redistribution. Similarly with
district cooling, chilled water is pumped through a network of pipes and the
cooling energy is extracted by the building for air conditioning or process cooling
and then the warmed water is returned to the plant to be cooled again.

Figure 1 illustrates that District Energy is not technology specific; multiple or
single fuel sources and/or technologies can be employed including but not limited
to: absorption chillers, ambient cooling, deep lake water cooling, combined heat
and power, biomass incineration, waste incineration, geothermal, and conventional
boiler and chiller technologies. Figure 2 illustrates how district energy typically
works. Pipes run underground bringing heating and cooling energy to buildings
from a central energy plant.

Economies of scale and advancements in technology have enabled DESs to
achieve greater efficiencies than individual building systems. Serving multiple
buildings from a common facility allows for large scale systems to be built that can
accommodate state-of-the-art technologies in heating and cooling. For example,
individual buildings could not cost effectively make use of natural lake water
cooling or Combined Heat and Power (CHP). Using natural sources of cooling or

Fig. 1 DES can accept any form of energy source (IDEA 2012)
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waste heat sources from manufacturing or electricity generation can reduce energy
consumption for the production of thermal energy to near zero.

In addition, economies of scale in DESs enable the efficient use of convention-
al equipment by:

• Having purpose built facilities that are actively maintained and operated
• Aggregating thermal loads from multiple and a variety of types of buildings so

that equipment can be run optimally with less part loading.

Thermal energy generating equipment such as boilers and chillers operate most
efficiently at a single load factor (Chan 2002). This concept is analogous to the fuel
efficiency of a car, reaching optimal fuel economy between 50 and 80 km/h
(NRCAN 2012a, b). A car traveling outside of its ‘sweet spot’ will use more fuel
per km travelled. Likewise, a boiler or chiller will use more energy for every unit
of thermal heating or cooling when forced to operate above or below its ‘sweet
spot’. By having an aggregated load, a DES can ‘stage’ its boilers and chillers by
operating only the number required by while maintaining each in its efficiency
‘sweet spot’.

The earliest DES is dated as far back as the 1300s (CDEA 2011). The first
known system distributed warm water through a series of wooden pipes in France.
In 1877, the first commercial DES was built in New York (CDEA 2011). DESs are
not a new concept. Though widely embraced in Europe, DESs have not seen the

Fig. 2 Typical district energy system (IDEA 2012)
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same rate of adoption in North America. Abundant and low cost energy supplies
have reduced the urgency for conservation and innovation in thermal energy
production. However, energy constraints, limited dollars, and environmental
concerns are putting DESs on the public agenda. To address these concerns, policy
makers can examine the synergistic opportunities that DES can provide.

3 The Current Business Case for DES

The current business case for DES fails to examine or value the economic and
environmental benefit to other stakeholders such as industries, communities, and
governments. The industry standard for determining the feasibility of investing in
DESs is based solely on the economic benefit to both the building owner(s)
(customers) and the DES utility.

For the DES Utility, the profitability of developing a DES is evaluated by com-
paring the initial capital investment costs to the expected cash flow over the life of
the system. Capital costs include the cost to build the DES infrastructure: the
energy centre, the distribution piping system, and the customer connections.
Expenses are dictated by fuel, operating, maintenance, and administration costs.
Revenue is based on a capacity charge to the customer as well as energy delivery
charges. The price is dictated by the Business-As-Usual (BAU) cost to produce
thermal energy for space heating, cooling, and domestic hot water. After a
financial analysis, the DES Utility decides if the business case for DES passes the
risk/reward threshold that the investor is willing to accept.

A similar economic analysis is performed by the building developer or owner
comparing the price of the district energy service to the current (or estimated)
capital and operating costs of providing building heating and cooling. The district
energy service is priced competitively, equal to or below, the BAU model. The
cost savings a building would realize by connecting to a DES is comprised of some
or all of the following:

• Reduction in initial and/or replacement capital cost for major mechanical
equipment including cost of associated space, electrical installation, and
auxiliaries

• Fuel costs (i.e. natural gas for heating, and electricity for cooling)
• Cost of water, sewer, and water treatment
• Equipment operating and maintenance cost, including yearly preventative

maintenance and ongoing repair/over haul costs
• Cost of labour, administration, and insurance
• Value of ‘‘freed up’’ roof space, greenhouse gas reduction, risk mitigation, and

liability.
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4 A ‘‘Broader’’ Business Case for DES

A broader business case for DES may be developed by understanding how DESs
can create eco-efficiency opportunities for governments. Three such opportunities
and their respective benefits can be found in:

• Reduction in electrical generating capacity,
• Storm water management, and
• Improving energy security: risk mitigation and management.

The important benefits listed above, may not be categorized as direct benefits to
either the DES Utility or the building owner, however, they are the only two
parties paying for DES development. Measuring and giving credit to the private
sector for the positive contributions of DESs to the public sector, would help
policy makers take advantage of synergistic eco-efficiencies.

5 Electricity Generation

5.1 Eco-efficiency Opportunity

In most of North America, the electrical grid faces the most strain during the
hottest days of the year due to the electricity requirements for air conditioning.
Cooling loads, however, can vary substantially throughout the day and because the
highest electricity demand comes in the summer time during the hottest time
(IESO 2010), the greatest benefit from conservation efforts will come from
reducing energy demand at that time.

1 kWh saved during peak time is more significant than one saved at night.
Exacerbating the problem, line losses are higher during peak times than low usage
times. When the electricity transmission and distribution systems get hotter, the
loss can be substantially higher than the average. In Ontario, the variation ranges
from 5 % during low usage times to 25 % during peak hours according to an
Ontario Hydro study. Taking into account the total losses from generation to
delivery, saving 1 kW during peak times can reduce generating requirements by
1.47 kW (Ontario Hydro 2007).

By reducing peak demand, the province can reduce its use of the less environmentally
attractive resources that are called on when demand is high. In the long run, lower peak
demand will mean less need for new generating facilities and transmission and distribution
infrastructure, lowering costs for all Ontarians (Ontario Ministry of Energy).

Figure 3 shows the electricity demand of a 30 story glass office tower in
Toronto for the year before the transition to district cooling and after. It is
indicative of the savings that DES could provide. From the graph, it is clear when
this particular building switched from running its own chillers to a DES; the
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demand in electricity drops by roughly one third at the time of switchover.
Reducing electrical demand translates into fewer gas fired generating stations
needing to be built in populated areas.

5.2 Cost Savings

Electrically driven chillers for the most part generate more than 1 thermal unit of
cooling energy for each unit of electricity. Rather than reference efficiencies in
terms of percentages greater than 100, it is common practice to refer to chiller
efficiencies in terms of Coefficient of Performance (COP). A fairly inefficient
chiller with a COP of 3 produces 3 units of thermal energy for each unit of
electrical energy. Assuming that chillers in the DES on average can produce a
COP of 5 (requiring 0.1 kWe of electricity per kWth) compared to a BAU COP of 3
(requiring 0.3 kWe of electricity per kWth) (mostly due to scale efficiencies) at
peak times, each kilowatt thermal (kWth) of cooling demand translates to 0.2 kWe

of electricity demand reduction.
If DES utilities are able to capitalize on their size and generate and store chilled

water at night (instead of producing it during the day), the peak time generation
demand can reduce the cooling energy to effectively zero, saving 0.5 (kilowatt
electrical) kWe for each kWth of cooling required.

In the case of free cooling by snow, lake water, or other natural sources, the
peak time savings are also on the order of 0.5 kWe for each kWth of cooling since
in both cases of chill storage and free cooling, only pumping energy for the water
is required. Table 1 summarizes the possible load reductions.

For a contracted gas fired power plant in Ontario, each MW of electricity
generation cost nearly $1 M CDN (Pristine Power 2011). However, this cost is

Fig. 3 Electrical load before and after conversion to DLWC for a glass building in Toronto
(Toronto Building Manager 2011)
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strictly for technical costs. These costs could escalate quickly when projects are
delayed or cancelled after contracts have been signed. Every MW of generation
that can be avoided translates into significant savings.

5.3 Environmental Benefits

Reducing electricity use at peak times not only reduces the need to build more
generating capacity, it potentially reduces atmospheric pollution and Greenhouse
Gas (GHG) emissions.

Ontario, for example, uses a combination of nuclear and hydro power to satisfy
the base load of electricity. As demand increases, the source of power tends to get
dirtier. Figure 4 is a representative day of electricity generation in Ontario.
As demand increases, high pollution and GHG emitting sources of generation
come online. By using less energy during peak times (usually from noon to early
evening), DES can reduce CO2e, NOx, and SOx in the atmosphere.

Figure 4 shows a single day snap shot of the electrical output in Ontario. It is
readily apparent that a base load is supplied by nuclear and hydro while natural gas

Fig. 4 Typical summer
electrical output by source in
Ontario (IESO)

Table 1 Peak reductions at generation source per kWth cooling due to DES when compared to
BAU

District energy technology

Centrifugal chillers Thermal storage Free cooling

Peak reduction
(at source)/kWth

0.1–0.3 kWe *0.5 kWe *0.5 kWe
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is the first choice for marginal requirements. As the demand increases, coal starts
to come online as a last resort given how dirty it is.

Table 2 shows the difference in NOx and SOx output between different forms of
electrical generation. Ontario still requires coal to meet its demand at peak times.
Coal fired power plants produce nearly 3 g of NOx for each kWh of electricity and
5 g SOx for each kWh of electricity. Conversely, nuclear and hydro do not add
atmospheric pollution (during the operational phase of the life cycle). Using DESs
to simply shift what time electricity is used for heating and cooling buildings could
have a dramatic effect on pollutant emissions.

Although, studies have shown the correlation between NOx, and SOx with
asthma and other respiratory illnesses (Lebowitz 1996; Detels et al. 1991), the cost
savings from reducing emissions is difficult to calculate. Countries such as Canada,
with government funded health care, can consider the cost savings associated with
reducing the incidences of asthma and related respiratory illnesses as a bottom line
benefit. A person with asthma in Ontario will on average cost the health care
system twice what a person without the disease would cost (To 2007). If regulators
and medical professionals can estimate the correlation between health care costs
and the amount of pollution in the air, policy makers can begin to understand the
dollar value of preventative versus reactionary health care costs.

In the same way that atmospheric pollution can be reduced, DESs can play a
role helping countries meet GHG reduction targets. The authors conducted a study
based on the electrical output in Ontario for 2009 and 2010; Table 3 shows that
DES could decrease GHG emissions by as much as 145 g of CO2e for each kWh of
thermal cooling.

In many jurisdictions, there is no value assigned to GHG reduction. In these
areas, DES utilities and building owners receive no economic benefit for the
reduction in GHGs that a DES offers. Governments can encourage adoption of
DES by providing an incentive equal in value to reduction initiatives. Alterna-
tively, a fee or tax on emissions could incentivize connection to DESs.

Table 3 GHG reduction per KWhth cooling (IESO, NRCAN 2010)

District energy technology

Centrifugal chillers Thermal storage Free cooling

GHG reduction/kWhth 67 g 35–145 g 145 g

Table 2 NOx and Sox output for various electricity generation forms (NRCAN GHGenius 2010)

g/kWh

Coal NG Boiler NG
Turbine

Nuclear Hydro

NOx 2.64 0.59 0.56 0.00 0.00
SOx 4.96 0.01 0.01 0.00 0.00
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Putting a price tag on GHG emissions and pollution reduction may not be
popular in many jurisdictions but policy makers should recognize its merits.
Deciding the value of each ton of GHGs reduced and applying that value to
projects could spur innovation beyond DES.

6 Storm Water Management

6.1 Eco-efficiency Opportunity

DESs can free up rooftop space for green roofs. Traditionally, large buildings
install thermal generating equipment such as boilers, chillers, and cooling towers
in a penthouse mechanical room. These rooms diminish the ability to apply Low
Impact Development techniques such as green roofs or rainwater harvesting for
retaining storm water; water that runs into the city sewer system adding to the risk
of Combined Sewer Overflows (CSO). By migrating to a DES connection building
roof space is freed, enabling the application of low impact storm water contain-
ment strategies and government to capitalize on this synergistic opportunity.

6.2 Cost Savings

In the United States alone, $44 billion (USD) is spent annually in CSO manage-
ment (Montalto et al. 2007). Mitigating the risk of overflow can be a costly
endeavor depending on local climate patters. Containment tanks and other end of
the line solutions are effective but expensive solutions to CSO management. The
local cost of CSO management needs to be considered, since it will vary from
jurisdiction to jurisdiction, to evaluate the benefit in increasing rooftop green space
that can be realized by connecting buildings to a DES. In order to determine the
value of CSO mitigation, governments must weigh:

• The cost of standard CSO techniques
• The cost of land devaluation
• The public opinion on containment tanks and retention ponds.

Storm water containment is a difficult task given the variability of rain and flash
flooding. As cities densify and the built urban form becomes less accommodating
to storm water management, this will be more of a challenge for city planners.
Standard CSO techniques may include ponds or containment tanks. These solu-
tions are both costly and undesirable in neighbourhoods. When undesirable
infrastructure is built, the land around it may depreciate in value which can
adversely affect municipal tax revenue. Public opposition to CSO containment
could also contribute to the cost of the infrastructure to municipalities.
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Mismanagement of storm water can be costly. A single heavy storm in Toronto in
August of 2005 cost the city $34 M (CDN) to repair damages. An additional $400
million (CDN) was paid out to private citizens from insurance companies due to
the damage from this one storm (Riversides 2009a). The cost to mitigate the risk
associated with CSO can quickly be paid back to municipalities by avoiding these
types of events.

A cost metric of standard CSO containment can be established and compared
with the mitigation provided per unit area of roof space by quantifying the cost and
potential costs of a municipality’s CSO containment strategy. An incentive could
then be offered to building owners on a percentage of runoff reduction, since not
all green roofs will have equivalent performance. If building owners are given an
incentive that amounts to less than what a municipality would spend in containing
an equivalent volume of storm water, storm water management costs to the
municipality will be reduced.

6.3 Environmental Benefits

In addition to the cost of managing storm water, municipalities often contend with
polluted water ways as a result of the runoff. The prevalence of cars in urban
environments means that brake pad dust, tire wear fragments and motor oil are a
normal part of storm water (Johnson 2009). New Jersey Department of Environ-
mental Protection recognizes that ‘‘pollutant release is a serious threat to water
quality’’ (NJDEP).

Excessive runoff transports toxins, picked up on roadways, into aquatic envi-
ronments that can weaken or destroy plants and animals that depend on these
(Riversides 2009b). In places, such as Toronto, the runoff overflows into the same
body of water where potable water is drawn from. The effects of storm water present
a serious concern, for public health and local ecology, that can be reduced by DESs.

7 Energy Security: Risk Mitigation and Management

7.1 Eco-efficiency Opportunity

DESs provide governments an opportunity to protect the reliability of local energy
systems through conservation, diversity, flexibility, and availability. The Interna-
tional Energy Agency (IEA) defines energy security as ‘‘the uninterrupted physical
availability at a price which is affordable, while respecting environmental concerns.’’
With the growth of urban centers and the associated energy intensification required to
provide essential services, governments are increasingly challenged to address issues
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of energy security. DESs can address factors, such as supply, price stability, and
sustainability that contribute to greater energy security and independence.

The DES thermal grid which connects energy producers to end-users aids in
conservation efforts. This connection allows waste heat from industrial or power
generating processes to be used for residential and commercial heating. By uti-
lizing waste heat sources, DESs reduce the amount of fuel burned for space heating
and improve the efficient use of fossil fuels. Figure 5 illustrates that using waste
heat from conventional power production, a concept known as CHP, can increase
system efficiency and reduce fuel input from 147 to 100 units, a 30 % reduction.
It is estimated that 61 % (OEE 2008) of building energy usage in Canada is used
for space heating and cooling and water heating; a 30 % reduction fuel used in
buildings is substantial. Waste and renewable fuels are available for heating and
since fossil fuels are finite, there is value to reserving this precious resource for
applications that have no other alternative such as pharmaceuticals and medical
devices and equipment.

DESs can expand the diversity of fuel types used for heating and cooling by
taking advantage of local fuel sources that would otherwise remain unused. Fuels
such as biomass (wood chips, sawdust, straw), geothermal, biogas, and municipal
waste are difficult to manage on a small scale—largely due to handling issues. The
availability of local fuel sources and the ability to use them reduces the reliance on
supplies from countries or jurisdictions that may be adversely affected by war,
politics, or natural disaster. According to Sandor Boyson, research professor and
co-director of the Supply Chain Management Center, ‘‘The longer the supply
chain, the more that can go wrong and the more it costs with high gas prices.’’

Fig. 5 Efficiency in combined heat and power systems (EPA 2012)
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(University of Maryland, date unknown). In other words, a diverse fuel mix that
incorporates local sources increases energy independence and reduces risk of sup-
ply interruptions and price instability.

The thermal grid and the centralized nature of energy production facilities allow
DESs to support fuel switching and the implementation of state-of-the-art tech-
nologies. These qualities are referred to as fuel flexibility and technology flexi-
bility; both improve the ability to optimize energy production in terms of cost and
efficiency. The scale and centralized nature of DESs allow multiple fuel sources
and/or technologies to be integrated at one location at a lower cost, than at many,
in each individual building. In some cases certain fuels and technologies cannot
even be applied on an individual building scale.

7.2 Cost Savings

The risk of not addressing energy security is real and can have a significant impact
on the economy. Costs can be examined from at least two perspectives:

• Cost of interrupted to fuel/energy supply
• Cost of the inflexible nature energy production.

The recent power outage in India of July 2012, the North-eastern Blackout of
August 2003, and the North American Ice Storm of January 1998 are only a few
reminders of our reliance on energy. An estimate of the economic impact of the
North-eastern Blackout of 2003 is in the range of $7.0 billion dollars (USD) from
food spoilage, lost production, wages, etc. with the loss of 61,200 MW (ECLON
2004). Using the above figures, the economic impact of an energy supply interruption
could be on the order of magnitude of $114,000 (USD)/MW of electrical supply loss
(over the outage period). A catastrophic failure, similar in duration, of the W.A.C.
Bennett Dam in B.C. at 2,730 MW or the Adam Beck I and II (Niagara River) in
Ontario at 2,278 MW can have an economic impact in the order of $228 M (USD).

The value of mitigating energy (thermal and electrical) supply interruptions and
pricing is difficult to estimate. As a gross estimate, municipalities could estimate the
value of lost productivity as a function of the average GDP. This may help put into
perspective the cost of each hour of unavailable electricity and thermal energy.

The inability of buildings to retrofit existing equipment to use alternate or
renewable fuels or to implement more efficient technologies can reduce the
competitiveness and robustness of an economy. Many industries, businesses
(especially small ones), and households would encounter financial difficulties
dealing with the consequences of a sharp increase in energy prices. Fluctuating
energy prices can have a negative effect on many industries such as manufacturing,
mining, transportation, forestry, and agriculture resulting in unemployment, loss of
skilled labour and high paying jobs, as well as higher priced food and consumer
goods resulting in a decreased standard of living and dampening of economic
activity.
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The value of being prepared for changes in the future, of being flexible, and of
having a diversity of local fuel sources can be estimated by exploring the capital
cost to modernize existing building heating and cooling systems for a group of
buildings compared to a large scale DES. Additional factors to examine can
include depreciated building value and the exposure to utility cost fluctuations of
relying on a single fuel source for example, electric baseboard heating).

7.3 Environmental Benefits

Retrofitting hundreds of small boilers to use waste wood, bio-fuels, or solar energy
would be much more expensive than modifying a single energy centre. The ability
to switch fuels in a cost-effective manner means a higher likelihood of space
heating and cooling needs being met by renewable sources.

Oujé-Bougoumou, an early adopter of DES in Canada has found that the
presence of DES has displaced conventional energy sources such as fossil fuel and
raised community awareness to environmental issues (Ouje 2012).

Energy is integral to modern living and the impact of energy supply interrup-
tions is real and tangible. Through conservation, diversity, and flexibility, DESs
contribute to greater energy security and independence.

8 Public Benefits of District Energy

8.1 NIMBY Infrastructure Reduction

Infrastructure, such as subways, roads, and clean water distribution, generally
increase the value of land, however, certain forms of infrastructure, though nec-
essary, decrease the value of land or add no value at all. NIMBY (Not-In-My-Back
Yard) infrastructure is considered to be any infrastructure that is necessary yet un-
desirable. Examples of this are train tracks, hydro lines, and electricity generating
stations. Although all are invaluable to society, opposition to building these forms
of infrastructure is often fierce and the land around them rarely prized.

Building NIMBY infrastructure is costly and unpopular. It is difficult to over-
come public opposition to where NIMBY infrastructure gets located. In Ontario,
the difficulties in locating gas fired power plants were recently highlighted by the
high-profile cancellation of a plant in the city of Mississauga. Despite having
broken ground, the government was forced to cancel the project mid-election at a
cost of $190 M (CDN) (Leslie 2012). Much of this could have been avoided if a
DES was in place to mitigate the need for such infrastructure. Reducing the
construction of NIMBY infrastructure has benefits both environmentally and
politically.

208 T. Chu and S. Yee



8.2 Benefits Beyond Price

In evaluating eco-efficiency opportunities, in some cases, there are direct costs; for
example the cost of NIMBY infrastructure reduction can be calculated. Not all
benefits have obvious or cost savings. For example reducing the incidence rate of
asthma and other pollutant related diseases could reduce the burden on state
funded health care systems but it is difficult to put a price tag on the value of a
healthy person or improved quality of life. Important questions to ask when
developing sustainability plans include:

• What is it worth to the city/town to avoid living next to an electricity generator?
• What is it worth of reducing air emissions? If a price cannot be put on health,

can a price be put on net emissions?
• How much has it cost to the economy, historically, when the electricity grid

fails? How much financial risk is the municipality willing to accept?

There are challenges to limiting evaluation metrics to only measurable cost but
it does not diminish the value of considering externalities such as clean air and
water, improved health, community engagement, and public opinion.

By reaching outside of the direct cost benefits and including ancillary benefits
to the analysis, the authors hope to create a broader more accurate evaluation of
DES and the role it plays in reducing demands on energy infrastructure and
consumption.

9 Policy Recommendations

Municipal, regional, and federal governments should take advantage of the real
dollar savings that DES affords. This can only be done by identifying, under-
standing, and quantifying the costs and eco-efficiencies that DESs could save
municipalities. Table 4 summarizes the opportunities and benefits that have been

Table 4 Eco-efficiency opportunities of district energy systems

Eco-opportunity Benefit Metric/Key performance indicators

Electricity generation Demand reduction kW demand reduction/kW generating capacity
reduction

Air pollution reduction
Storm water

management
Runoff reduction %/$ reduction in CSO needs or mitigation

Water pollution reduction
Economic risk

mitigation
Electrical grid

stability
% reduction of blackouts

Energy price
stability

Reduce volatility

Fuel flexibility Minimize time to convert primary fuel sources
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identified. The metrics and key performance indicators can be used as a guide for
developing sound public policy surrounding DES. Without strong public policy to
lead the way, the full environmental benefits of DES will be difficult to realize.

Beyond financial incentives or economics, the greatest hurdle to developing
DESs, as in any business, is getting customers—without customer buildings, there
can be no DES development. Even with a business case, signing customers is
challenging because the status quo or engrained industry practices are difficult to
overcome. People are generally adverse to change current business practices,
especially when a proven method is achieving good results. Exacerbating the
problem, many buildings are built and developed by a separate entity which owns
and operates the building leaving little incentive to seek out efficiencies, reduce
GHG emissions, or address energy security. All levels of government can do more
to encourage DES development and bridge the gap toward affecting change.

9.1 Lead by Example

Public buildings should lead the way and be the first to connect to DES. In the
absence of a DES in the municipality, government buildings should declare their
intentions to connect at the earliest opportunity and even take steps to becoming
DE Ready. DE Readiness means that buildings are able to convert to DES with
minimal effort which means ensuring that buildings are designed with the fol-
lowing characteristics:

• Main mechanical room located in the basement or ground floor level,
• A centralized water-based (hydronic) heating and cooling system,
• Lowest hot water return temperatures and highest chilled water return temper-

atures as possible,
• High density or energy usage buildings, situated in close proximity to one

another with a variety of usages.

There is often strong resistance to being the first to use a new or different
technology or system. By leading the pack, government buildings can reduce the
apprehension of other building owners by providing an example to inspire.

9.2 Create a Customer Base

One of biggest problems for DE Utilities is the absence of a ready customer base.
Municipalities can take North Vancouver’s example and mandate DE Readiness in
all buildings before issuing permits. The next step would be to mandate DE
connections in areas with an existing DES.
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9.3 Minimum Performance Requirements

The authors also recommend that municipalities or regional governments establish
minimum performance requirements in their jurisdictions. These performance
metrics should be based on new state of the art technologies as opposed to existing
building codes. Performance metrics should clearly include maximum allowable
energy use, peak energy demand, and storm water runoff.

10 Further Research

To help municipalities and regional governments get the most out of eco-efficiency
opportunities presented by DESs, policy makers must quantify their costs in
managing storm water, securing electrical capacity, and addressing energy security
in order to realize the potential synergies and cost savings.

Mitigating storm water run-off is a continual and potentially increasing problem
for municipalities with the changing climate. As municipalities grow, the sewer
system must deal with the corresponding increase in run off. The cost of dealing
with high run off coefficients will vary from location to location and budgeted for
by city engineers. Knowing the cost and benefits of various storm water runoff
management strategies will help sustainability managers design appropriate
incentives to reduce overall costs to the municipality.

Electrical utilities are common and the cost of each additional kW of new
generation (for each technology) is fairly well studied, however, societal costs are
of-ten ignored and focus only on design and construction costs. The cost of over-
coming public outrage to this type of infrastructure should be taken into account
when determining an overall cost per kW of additional generation. This will help
policy makers appreciate the cost of cancelled plants, relocations, and other risks
that are often difficult to budget.

11 Conclusion

It is critical to recognize the ancillary benefits of energy reduction techniques and
the multiple benefits of DES to identify eco-efficiency opportunities. By quanti-
fying the cost savings of avoided NIMBY infrastructure, recognizing the benefits
of emissions reduction, and valuing energy security on the local level, munici-
palities and regional governments can make sustainable initiatives more cost
effective for all parties—and in doing so reduce infrastructure costs and envi-
ronmental impact.
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Recognizing how systems interact with each other and the benefits they provide
is an essential part of developing sustainable systems. The recognition of cost
reduction and environmental benefits will allow governments at multiple levels to
optimize their municipal service and pollution reduction strategies.
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Environmental Issues in Vehicle Routing
Problems

Ignacio Eguia, Jesús Racero, Jose Carlos Molina
and Fernando Guerrero

Abstract In the last decade interest in environment preservation is increasing and
environmental aspects play an important role in strategic and operational policies.
Therefore, environmental targets are to be added to economic targets, to find the
right balance between these two dimensions. Green logistics extend the traditional
definition of logistics by explicitly considering external factors associated mainly
with climate change, air pollution, noise, vibration and accidents. Among the
logistical activities, the vehicle routing problem (VRP) is one of the most widely
researched and has mainly focused on economic objectives, not considering
explicitly environmental issues. In this chapter, a realistic variant of the VRP with
heterogeneous vehicle fleets in which vehicles are characterized by different
capacities and costs, has been considered and external costs have been estimated
using international research projects, and have been included as part of a mixed-
integer linear programming model to solve a realistic variant of the VRP. To solve
medium to large-size VRP instances, heuristic approaches are necessary. An
impressive number of heuristic have been proposed for the VRP in the literature.
In this chapter, one heuristic is developed to find good solutions to the proposed
eco-efficiency model: a savings heuristic when time windows are not considered.
Since there are no instances for this problem variant, the algorithm is validated
with benchmarking problems adapted from the literature, offering good solutions
and quickness. The selection of eco-efficiency routes can help to reduce the
emissions of air pollutants, noises and greenhouse gases, without losing compet-
itiveness in transport companies.
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1 Introduction

Environmental issues can impact on numerous logistical decisions throughout the
supply chain such as location, sourcing of raw material, modal selection, and
transport planning, among others. Green logistics extends the traditional definition
of logistics (‘‘integrated management of all the activities required moving products
through the supply chain at minimum cost’’) by explicitly considering other
external factors associated mainly with climate change, air pollution, noise,
vibration and accidents.

The logistical activities comprise freight transport, storage, inventory manage-
ment, materials handling and all the related information processing. In this chapter,
we study the design of routes in road freight transportation activities, which are
significant sources of air pollution, noise and greenhouse gas emissions, with the
former known to have harmful effects on human health and the latter, responsible
for global warming. Thus, we analyze the well-known Vehicle Routing Problem
(VRP) to estimate the effects of those environmental issues in this type of problems.

The VRP deals with founding the optimal routes of delivery or collection from
one or several depots to a number of customers, while satisfying some constraints.
The VRP plays a vital role in distribution and logistics. Huge research efforts have
been devoted to studying the VRP since 1959 and thousands of papers have been
written on several VRP variants. We refer to the survey by (Cordeau et al. 2007)
for coverage of the state-of-the-art on models and solution algorithms.

The classical VRP tries to minimize the total distance travelled by a set of
vehicles while satisfying the demand of a given set of customers and considering
the assumption that each vehicle serves a single route during any planning period.
This problem is a generalization of the well-known and widely studied Traveling
Salesman Problem (TSP). The TSP is in mathematical terms a NP-hard combi-
natorial problem and therefore also the VRP is NP-hard. Different variations of the
classical VRP have been proposed with the aim of approaching to real contexts,
where some variables and constraints have been included.

When demand of all customers exceeds the vehicle capacity, two or more
vehicles are needed. This implies that in the Capacitated Vehicle Routing Problem
multiple Hamiltonian cycles have to be found such that each Hamiltonian cycle is
not exceeding the vehicle capacity. Then the CVRP consists of designing a set of
least-cost vehicle routes in such a way that: (1) each customer has a positive
demand Di which has to be fully satisfied once by exactly one vehicle; (2) all
vehicle routes start and end at the depot, which has no demand; and (3) the vehicle
fleet is homogeneous, i.e. each vehicle has an equal capacity of Q.

The Multi-Depot Vehicle Routing Problem (MD-VRP) is a generalization of
the CVRP in which vehicles start from multiple depots and return to their original
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depots at the end of their assigned tours. If customers are dispersed around the
depots, then the distribution problem can be modeled as several independent
CVRP. However, if they are intermingled then a MD-VRP should be solved. Each
depot is responsible for a number of customers who are served by the vehicles
assigned to the depot.

The Vehicle Routing Problem with Time Windows (VRPTW) is the variant that
has received the most attention in the literature by the practical importance of time
windows. Time windows occur when customers require pick-up or delivery within
a pre-specified service times, characterized by an early time and a late time. In
addition to time windows for customers, it may be included also a limit on the total
driving time, that is, the maximum time allowed for any vehicle due to contract
regulations for drivers. In the literature a distinction is made between soft time
windows that can be violated against a penalty-cost and hard time windows that
cannot be violated. The VRPTW has been the subject of intensive research efforts
for both heuristic and exact optimization approaches. An overview of the early
published papers is given by (Solomon 1987).

The Vehicle Routing Problem with Pick-up and Delivering (VRPPD) considers
that besides the deliveries to a set of customers, a second set of customers requires
a pick-up, where deliveries and pickups can be made at any order. As a particu-
larity of this problem, in the Vehicle Routing Problem with Backhauls (VRPB) it
is assumed that each vehicle will first visit customers that require delivery (line-
haul customers) before it visits the customers (suppliers) that require pick-up
(backhaul customers). This arises from the fact that the vehicles are rear-loaded,
and rearrangement of the loads on the tracks at the delivery points is not deemed
economical or feasible (Toth and Vigo 2002).

The VRP with split deliveries (SD-VRP) is a variant where it is allowed that the
same customer can be served by different vehicles if this will help to reduce the
total route costs. It occurs when the sizes of the customer orders are as big as
vehicle capacities.

In classical VRP, the planning period is a single day. In the case of the Period
Vehicle Routing Problem (P-VRP), the classical VRP is generalized by extending
the planning period to M days. For this variant, the following constraints must be
considered: (a) each vehicle must have a defined capacity, (b) each customer has a
known daily demand that must be completely satisfied in only one visit by exactly
one vehicle, and (c) it is not necessary that the vehicle returns to the depot the
same day it came out, but must return in a time period already defined.

In Stochastic VRP (S-VRP) is assumed that one or several components of the
problem are random. There are three different kinds of S-VRP: (a) customers with
a probability of presence or absence, (b) customers whose demand is a random
variable, or (c) customers where the service time and travel time are random
variables. In S-VRP, two stages are made for getting a solution. A first solution is
determined before knowing the realizations of the random variables. In a second
stage, a recourse or corrective action can be taken when the values of the random
variables are known. When some data are random, it is no longer possible to
require that all constraints be satisfied for all random variables, so the decision
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maker may either require the satisfaction of some constraints with a given
probability or the incorporation into the model of corrective actions when a
constraint is violated.

A variant of the VRP arises when a fleet of vehicles (limited or unlimited),
characterized by different capacities, fixed costs and variable costs, is available for
distribution activities. The problem is known as Heterogeneous Fleet VRP
(HF-VRP). The HF-VRP with unlimited fleet, known as the Fleet Size and Mix
VRP (FSM), was first proposed by (Golden et al. 1984) and it consists of deter-
mining, at the same time, the best fleet composition and the optimal routing of a
fleet with an unlimited number of heterogeneous vehicles in order to serve a given
set of customers with deterministic delivery demands, minimizing the total travel
costs. The HF-VRP variant with a limited number of vehicles, called Heteroge-
neous VRP (HVRP), was proposed by (Taillard 1999) and it consists in optimizing
the routes with the available fixed fleet. In both cases, fixed costs (F) and/or
dependent routing costs (D) could be considered. As a result the following HF-
VRP variants have been studied in the literature: (1) HVRPFD, (2) HVRPD, (3)
FSMFD, (4) FSMF, and (5) FSMD. In Sect. 3, we present a survey on HF-VRP.

The classical objective function in VRP is minimizing the total distance trav-
elled by all the vehicles of the fleet or minimizing the overall travel cost, usually a
linear function of distance. This objective is widely used by researchers with
homogeneous fleet and when vehicles are not allowed to remain at the depot.

The main objective of companies with a heterogeneous fleet and with less
demand than capacity consists of determining the fleet composition minimizing the
fixed and the variant costs. Some authors (Sniezek and Bodin 2002) argue that
only considering total travel time or total travel distance in the objective function
is not enough in evaluating VRP solutions, especially for heterogeneous fleets.
Instead, they determine a Measure of Goodness, which is a weighted linear
combination of many factors such as capital cost of a vehicle, salary cost of the
driver, overtime cost and mileage cost. These costs are considered as internal or
economic costs for transportation companies.

In this chapter, the VRP with realistic assumptions and a new objective function
that accounts environmental issues is considered. Thus, an eco-efficiency model of
the VRP with Heterogeneous Fleet and Time Windows (HF-VRPTW) is presented
with a broader objective function that accounts not just for the internal costs
(driver, fuel, maintenance,…), but also for external costs (greenhouse emissions,
air pollution, noise,…). This model is solved using a heuristic algorithm. With this
approach, transportation companies can have positive environmental effects by
making some operational changes in their logistics system, selecting the most
appropriate vehicles, determining the routes and schedules to satisfy the demands
of the customers, reducing externalities and achieving a more sustainable balance
between economic, environmental and social objectives.

The remainder of this chapter is organized as follows. In Sect. 2 the environ-
mental impacts of transportation activities and the cost estimation of these
externalities are analyzed. Section 3 reviews the literature on the HF-VRPTW and
on incorporating environmental issues in VRP. Section 4 presents the proposed
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approach, a mixed-integer linear programming model and a heuristic algorithm to
solve it. A numerical example will be explained in Sect. 5 and a real case appli-
cation is presented in Sect. 6. Section 7 presents the results and discussion. The
conclusions and recommendations for further work are given in Sect. 8.

2 Externalities in Transport

In the last decade interest in environment preservation is increasing and envi-
ronmental aspects play an important role in strategic and operational policies.
Therefore, environmental targets are to be added to economic targets, to find the
right balance between these two dimensions (Dyckhoff et al. 2004).

Transport activities give rise to environmental impacts, accidents and conges-
tion. In contrast to the benefits, the costs of these effects of transport are generally
not borne by the transport users. Without policy intervention, these so called
external costs are not taken into account by the transport users when they make a
transport decision. Transport users are thus faced with incorrect incentives, leading
to welfare losses.

The internalisation of external costs means making such effects part of the
decision making process of transport users. According to the welfare theory
approach, internalisation of external costs by market-based instruments may lead
to a more efficient use of infrastructure, reduce the negative side effects of
transport activity and improve the fairness between transport users.

Internalization of external cost of transport has been an important issue for
transport research and policy development for many years in Europe and world-
wide. Some authors (Bickel et al. 2006) focus their research on evaluating the
external effects of transport to internalize them through taxation. As a result,
decisions such as the selection of vehicle types, the scheduling of deliveries,
consolidation of freight flows and selection of type of fuel, considering internal and
external costs can help to reduce the environmental impact without losing com-
petitiveness in transport companies.

In this chapter, we focus our attention on external costs associated with:
greenhouse emissions, atmospheric pollutant emissions, noise emissions and
accidents. These four components reflect 88 % of the total average external cost
freight in the European Union, excluding congestion costs (INFRAS/IWW 2004).
The evaluation of each component of the external costs applied to the Spanish
transport setting is based on the European study (INFRAS et al. 2008).

Climate change or global warming impacts of transport are mainly caused by
emissions of the greenhouse gases: carbon dioxide (CO2), nitrous oxide (N2O) and
methane (CH4). The main cost drivers for marginal climate cost of transport are
the fuel consumption and carbon content of the fuel. For internalization purposes
the estimated external costs of CO2 emissions can be factored into the total
well-to-wheel greenhouse gas emissions per litre of fuel used by multiplying the
grams of CO2 per litre with the external costs per gram of CO2 emitted.
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The recommended value for the external costs of climate change for year 2010,
expressed as a central estimate is 25€/ton.CO2. The total well-to-wheel CO2

emissions per unit of fuel, also called emission factor, is estimated in 2.67 kg of
CO2 per litre of diesel.

Air pollution costs are caused by the emission of air pollutants such as par-
ticulate matter (PM), NOx and non-methane volatile organic compounds
(NMVOC). Emissions of a road vehicle depend on vehicle speed, fuel type and the
related combustion technology, the load factor, vehicle size, the driving pattern
and the geographical location of the road. For internalization purposes the esti-
mated external costs of each pollutant emissions can be obtained by multiplying
the grams of the pollutant per kilometer travelled with the external costs per gram
of pollutant emitted.

The recommended air pollution costs for each pollutant in Spain (emissions 2010,
in €2000/ton of pollutant) are: NOx = 2,600; NMVOC = 400; PM2.5 = 41,200; PM10

= 16,500, using PM in outside built-up areas. The ratio €2010/€2000 is fixed to
1.323. The estimation of pollutant emissions from road transport are based on the
Tier 2 methodology (EMEP/EEA 2010). This approach considers the fuel used for
different vehicle categories and technologies according to emission-control
legislation.

Noise costs consist of costs for annoyance and health. For the estimation of noise
costs data on the number of exposed people is needed. In road transport the sound
emitted is mainly made up by the sound of the propulsion system and the sound of
rolling. The ratio of both sources depends on the speed of the vehicle, the vehicle
type, the kind of tyres, the vehicle’s state of maintenance, the slope of the road and
the kind of surface.

The recommended noise costs based on (INFRAS/IWW 2004) for Heavy-Duty
Vehicles are in a range from 0.25 to 32 (in €2000/ton-km) considering different
vehicle categories, countries and traffic situations, with a mean value of 4.9.

External accident costs are those social costs of traffic accidents which are not
covered by risk oriented insurance premiums. The most important costs in road
transport are besides vehicle kilometers, vehicle speed, type of road, drivers’
characteristics, traffic speed and volume, time of day (day/night) and interaction
with weather conditions.

The recommended accident costs also based on (INFRAS/IWW 2004) for
Heavy-Duty Vehicles are in a range from 0.7 to 11.8 (in €2000/ton-km), with a
mean value of 4.75.

In this chapter, the designed routes will employ all of these average costs and
emission factors, multiplying these parameters by the respective distance travelled,
load carried or fuel consumed in each route.
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3 Literature Review

3.1 VRP with Heterogeneous Fleet

As mentioned in Sect. 1, several variants on VRP inspired by real world appli-
cations were proposed over the years. Our interest in this chapter relies on the
heterogeneous fleet VRP (HF-VRP), instead of the homogeneous fleets. In
industry, fleets are rarely homogeneous and companies are incorporated vehicles
with different features over the time (Hoff et al. 2010). As a result, standing and
running costs depend on each vehicle according to depreciation level or usage time
of the fleet.

The first HF-VRP variants were the FSM problems, proposed by (Golden et al.
1984). These authors suggested two heuristics where the first one is based on the
savings algorithm of (Clarke and Wright 1964), and the second one use a giant tour
schema. They proposed 20 instances with 12–100 customers and 3–6 vehicle types
with an unlimited number of each one. Instances 1–12 have 12 or 30 customers.
Instances 13–20 are larger, with 50–100 customers. This second set of instances is
considered as benchmark in FSM problems.

The another HF-VRP variants were the HVRP problems, first introduced by
(Taillard 1999) who presented a heuristic column generation method. This method
starts by solving the homogeneous vehicle routing problem for each vehicle type
using a tabu search algorithm. The routes obtained are stored in a set of possible
final routes and then, through a process of successive iterations, these routes are
extracted and combined into a partial solution to the criterion of non-repetition of
customers. The final set of routes is obtained by solving a SP problem minimizing
the total costs and ensuring that each customer is served by only one route. This
method is tested for the FSMF and FSMD on the second set of instances of
(Golden et al. 1984), and also for the HVRPD adding a limited number for each
type of vehicle. This set of 8 instances is considered as benchmark in HVRP
problems.

As the HF-VRP is a special case of the classical VRP, these problems are NP-
Hard and therefore heuristic algorithms are suitable approaches to obtain high-
quality solutions in an acceptable computing time. To the best of our knowledge,
no exact algorithms have been developed for any variant of HF-VRP.

Some mathematical formulations have been presented in the literature. Gheysens
et al. (1984) formulated the FSMF using a three-index binary variables xij

k to rep-
resent if a vehicle of type k travels directly from customer i to customer j. Golden
et al. (1984) proposed a similar formulation for the FSMF but using the Miller-
Tucker-Zemlin constraints for the TSP to avoid sub-tours (Miller et al. 1960).
Yaman (2006) also described six different formulations for the FSMF using these
binary variables. Another type of formulations for FSMF is based on the Set Par-
titioning (SP) model of the VRP and associates a binary variable with each feasible
route (Balinski and Quandt 1964). Mathematical formulations for the FSM with
Time Windows were described in (Dell’Amico et al. 2006) and (Bräysy et al. 2008).
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Although no exact algorithms have been proposed for the FSM, some lower
bounds were presented. Golden et al. (1984) proposed some lower bounds for the
FSMF problem when there are symmetric distances and triangle inequality between
customers. Yaman (2006) also proposed lower bounds for the FSMF based on cut-
ting-plane techniques applied to the six mathematical formulations. Choi and Tcha
(2007) extended the lower bounds to all the variants of FSM problems (FSMFD,
FSMD and FSMF) based on a SP formulation and using a column generation tech-
nique. Pessoa et al. (2009) developed a Branch-Cut-and-Price algorithm to obtain
lower and upper bounds for the three FSM variants. Baldacci and Mingozzi (2009)
proposed a SP algorithm with bounding procedures based on linear and Lagrangian
relaxation to solve the five variants of HF-VRP mentioned in Sect. 1.

All solutions approaches presented in the literature are heuristic algorithms, and
they usually are adaptations or extensions of heuristics applied to classical VRP
variants. In this way, since the late 90s, metaheuristic approaches are applied to
find high-quality solutions of HF-VRP as well.

After (Golden et al. 1984) developed two constructive heuristics to adapt the
savings and giant-tour for solving the FSMF problem, some other authors also
proposed constructive heuristics (Gheysens et al. 1984; Salhi and Rand 1993).
Renaud and Boctor (2002) proposed an extension of the sweep algorithm for
classical VRP, to solve the FSMF problem.

Considering metaheuristic approaches, some authors implemented heuristic
procedures based on Genetic Algorithms (GA). Ochi et al. (1998) developed a
hybrid algorithm that combines GA and Scatter Search to solve the FSMF. Also,
(Liu et al. 2009) proposed a GA with a local search to solve the FSMF and FSMD.
Lima (2004) solved the FSMF using a Memetic Algorithm (MA). Prins (2009)
developed two heuristic procedures based on a MA for all the variants of the FSM
problem and for the HVRPD.

Tabu Search (TS) is one of the most extended metaheuristics applied to VRP.
Some TS approaches were proposed for solving FSMF and FSMD. Gendreau et al.
(1999) developed a TS algorithm based on the GENIUS neighborhoods and an
adaptive memory procedure. Lee et al. (2008) proposed a TS algorithm combined
with a SP approach. Brandao (2009) proposed a deterministic TS with different
procedures to generate the initial solutions.

Recently, new metaheuristics have been applied to FSM. Imran et al. (2009)
developed a Variable Neighborhood Search (VNS) algorithm for all FSM variants.
Penna et al. (2011) presented a hybrid heuristic based on the Iterated Local Search
metaheuristic which uses a VNS procedure in the local search phase.

Prins (2002) developed a heuristic for solving the HVRPD by extending a series
of VRP classical heuristics and incorporating a local search procedure based on the
Steepest Descent Local Search and TS.

Tarantilis et al. (2003) and later Tarantilis et al. (2004) developed a list-based
threshold accepting algorithm (denoted by LBTA) and a backtracking adaptive
threshold accepting algorithm (denoted by BATA) for solving the HVRPD. The
idea of this class of algorithms is to allow moves toward solutions with higher
objective function values (uphill moves) in order to escape from local minimums.
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Both methods start with an initial solution generated by a constructive heuristic.
The algorithms seek feasible solutions in the neighborhood (local search) and are
compared to a list storing the T best threshold values. In LBTA, the list of T values
is used during the search, while in BATA the list of T values is allowed to increase
during the search.

Two years later, (Li et al. 2006) developed a similar algorithm called HRTR to
solve HVRPD and HVRPFD problems, based on the algorithm Record-To-Record
(RTR), a deterministic variant of the Simulated Annealing metaheuristic. The
algorithm accepts neighbor solution with less objective function value than actual
ones plus a deviation, avoiding a local minimum. Then, using a local search
(downhill moves), the algorithm looks for new global minimums.

Finally, some heuristics were developed for the heterogeneous fleet VRP with
Time Windows. Liu and Shen (1999) proposed a two-phase algorithm to solve the
FSMFTW problem. In the first phase, a savings algorithm evaluates the insertion
of complete routes in all the possible insertion places of the other routes, taking
into account the time windows. In the second phase, intra-route and inter-route
exchanges are performed to improve the best solutions found during the first phase.
Computational results were performed on a set of 168 test instances derived from
the (Solomon 1987) VRPTW test set. This set of 168 instances is considered as
benchmark in FSM-TW problems.

Dullaert et al. (2002) extended to FSMFTW the sequential insertion algorithm
proposed by (Solomon 1987) incorporating the (Golden et al. 1984) modified
saving expressions. Dell’Amico et al. (2006) proposed a ruin-and-recreate meta-
heuristic approach using a parallel insertion procedure. Bräysy et al. (2008) pro-
posed a deterministic annealing metaheuristic in three phases. These three
heuristics has been tested on the 168 instances for solving the FSMFTW problems.

A HF-VRP survey with all the five variants mentioned in this chapter can be
found in (Baldacci et al. 2008). Also a survey on industrial aspects of combined
fleet composition and routing in maritime and road-based transportation hetero-
geneous fleet was performed by (Hoff et al. 2010).

As a result of this literature review, we consider that the HVRP is less studied
than the FSM, and there are no benchmarking tests on HVRP-TW.

3.2 VRP and Sustainability

VRP studies have been benefiting green logistics from its origin, as early as their
introduction by (Dantzig and Ramser 1959). This contribution has always been
completely implicit and researchers have often been totally unaware of the ben-
eficial connotations of their works on the environment.

While VRP aims at minimizing distances and total assigned vehicles, it is
satisfying green transportation requirements by reducing the amount of fuel and
consequently reducing the CO2 emissions from road transportation.
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The influence of VRP is not limited to minimizing travel distance and vehicle
numbers, there are green transportation factors that could be considered in a VRP
model and have been studied during the past few years.

The contribution of VRP to green logistics has its origins in studies of (Sbihi
and Eglese 2007) and PhD dissertation of (Palmer 2007).

In a working paper for Lancaster University Management School, Sbihi and
Eglese (2007) reviewed the literature related to vehicle routing in order to find the
relationship between vehicle routing and scheduling problems (VRSP) and green
logistics. They couldn’t find much literature that links VRP models with the Green
Logistics issues, but they argued that reduction in total distance would provide
environmental benefits due to the reduction in fuel consumption and the conse-
quent air pollutants.

Palmer (2007) suggested an integration of elements from transportation plan-
ning and environmental modeling combined with logistics based vehicle routing
techniques for freight vehicles and investigated the role of speed in reducing CO2

emissions under various scenarios and time windows settings. They developed a
computer based vehicle routing model that calculates the overall amount of CO2

emitted from road journeys, as well as time and distance.
Following in this emerging area, a number of studies taking account environ-

mental considerations in their objective functions were published. The first
important paper is the ‘‘Pollution Routing Problem (PRP)’’ by (Bektas and Laporte
2011). They defined the PRP as a variant of the VRP, with or without time
windows, using a comprehensive objective function which measures and mini-
mizes the cost of GHG emissions along with operational costs of drivers and fuel
consumption. They also analyzed and compared between various performance
measures of vehicle routing, such as distance, load, emissions and costs evaluated
through a variety of objective functions.

Xiao et al. (2012) contemplated the Fuel Consumption Rate (FCR) as a load
dependant function, and added it to the classical VRP to extend it with the
objective of minimizing fuel consumption. They presented a mathematical opti-
mization model to formally characterize the FCR considered CVRP (FCVRP) as
well as a string based version for calculation. The results of the experiments
showed that the FCVRP model can reduce fuel consumption by 5 % on average
compared to the CVRP model.

Erdogan and Miller-Hooks (2012) introduced the Green Vehicle Routing
Problem (G-VRP) as a mixed-integer linear program. They developed techniques
to aid organizations with alternative fuel-powered vehicle fleets in overcoming
difficulties that exist as a result of limited vehicle driving range in conjunction with
limited refueling infrastructure. These techniques seek a set of vehicle tours that
minimize total distance traveled to serve a set of customers while incorporating
stops at Alternative Fueling Stations (AFSs) in route plans so as to eliminate the
risk of running out of fuel. Given a complete graph consisting of vertices repre-
senting customer locations, AFSs, and a depot, the G-VRP seeks a set of vehicle
tours with minimum distance each of which starts at the depot, visits a set of
customers within a pre-specified time limit, and returns to the depot without
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exceeding the vehicle’s driving range that depends on fuel tank capacity. Each tour
may include a stop at one or more AFSs to allow the vehicle to refuel en route.

Ubeda et al. (2011) presented a case study to show how the introduction of
green practices into the daily decision-making process in a transportation company
can simultaneously meet efficiency and environmental objectives. They incorpo-
rated the CO2 emissions in the objective function of the CVRP with backhauls and
maximum allowable driving time.

Figliozzi (2010) introduced a different problem: the minimization of emissions
and fuel consumption as the primary or secondary objective, creating the Emis-
sions VRP (EVRP). He considered time windows and capacity constraints as well
as time-dependent travel time. The chapter deals with a static problem, and the
dispatcher is assumed to know the impact of congestion on travel speeds. The
amount of emissions is a function of travel speed and it will depend of the
departure time in each node.

Maden et al. (2010) considered a VRSP with time Windows in which Speedy
depends on the time of the travel. They described a heuristic algorithm to solve the
problem. Jabali et al. (2009) considered a similar problem but estimated the
amount of emissions based on a nonlinear function of speed and other factors,
finding the optimal speed with respect to emissions. Kara et al. (2007) introduced
the Energy-Minimizing VRP, an extension of the VRP where a weighted load
function is minimized, trying to minimize the energy consumed.

The above-discussed studies have been published recently. This shows that the
topic is at its beginning and is still too attractive and demanding.

4 A Sustainable VPR Approach

4.1 An Eco-efficiency Model for HVRPTWB

The problem presented in this chapter is an extension of the classical Capacitated
Vehicle Routing Problem, including Time Windows and Backhauls, and a Het-
erogeneous Fleet with different vehicles and fuel types (HVRPTWB). The fol-
lowing assumptions are stated about the problem: (a) known fleet size, (b)
heterogeneous fleet, with different vehicle capacities, fuel consumptions and cat-
egories, (c) single depot, (d) deterministic demand, (e) oriented network, (f) time
windows, (g) maximum driving time, and (h) backhaul nodes. The main contri-
butions of this chapter deal with formulating a mathematical model of the
HVRPTWB and with considering external and social impacts as part of the
internal costs of the company. Then the overall objective is to minimize the total
cost that is composed of internal costs (cost of drivers, energy costs, fixed cost of
vehicles–depreciation, inspection, insurance-, maintenance costs and toll costs)
and external costs (climate change, air pollution, noise and accidents).

The HVRPTWB is defined on a graph G = {N, A} with N = {0,1,…,t,
t ? 1,…,n} as a set of nodes, where node 0 represents the depot, nodes numbered
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1 to t represent delivery points and nodes numbered t ? 1 to n represent supply
points (backhauls), and A is a set of arcs defined between each pair of nodes. A set
of m heterogeneous vehicles denote by Z = {1, 2,…,m} is available to deliver the
desired demand of all customers from the depot node and then to pick-up the
inbound products from the supply and return to the depot node. The constructing
routes of each vehicle must meet the following constraints: no vehicle carries load
more than its capacity, each customer and supplier is visited within its respective
time window, customers are not visited after any suppliers and no vehicle exceeds
the maximum allowable driving time per day.

We adopt the following notation:
Di load demanded by node i [ {1,…,t} and load supplied by node

i [ {t ? 1,…,n}
qk capacity of vehicle k [ {1,…,m}
[ei, li] earliest and latest time to begin the service at node i
si

k service time in node i by vehicle k
dij distance from node i to node j (i = j)
tij driving time between the nodes i and j
Tk maximum allowable driving time for vehicle k.

Our formulation of the problem uses de following decision variables:
xij

k binary variable, equal to 1 if the vehicle k [ {1,…,m} travels from nodes i to
j (i = j)

yi
k starting service time at node i [ {0,1,…,n}; y0

k is the ending time
fij
k load carried by the vehicle k [ {1,…,m} from nodes i to j (i = j).

Constraints of the model are as follows:
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Constraints (1) mean that no more than m vehicles (fleet size) depart from the
depot. Constraints (2) are the flow conservation on each node. Constraints (3)
guarantee that each customer and supplier is visited exactly once. Constraints (4)
and (5) ensure that no vehicle can be overloaded. Constraint (6) guarantees that
customers are not visited after any suppliers (backhauls), while constraint (7)
avoids empty running on the way out. Starting service times are calculated in
constraints (8) and (9). These constraints also avoid subtours. Time windows are
imposed by constraints (10). Constraints (11) avoid exceeding the maximum
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allowable driving time. Balance of flow is described through constraints (12) and
(13). Constraints (14)–(17) are used to restrict the total load a vehicle carries.

The goal of the problem is to construct several routes minimizing the sum of
internal and external costs. The internal costs (IC) associated with a given route is
composed of five major items: costs of driver (DRC), energy costs (ENC), fixed
cost of vehicles–investment, inspection, insurance- (FXC), maintenance costs
(MNC) and toll costs (TLC). In addition, the external costs (EC) and social effects
of transportation activities are considered. They are composed of: climate change
costs (CCC), air pollution costs (APC), noise costs (NSC) and accidents costs
(ACC).

Minimize IC þ EC ¼ ðDRC þ ENC þ FXC þMNC þ TLCÞ
þ ðCCC þ APC þ NSC þ ACCÞ

ð18Þ

The mathematical forms of the aforementioned components shown in Eq. (18)
are presented below.
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j¼0
j 6¼i
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The set of parameters used in the above expressions are:
pk pay of driver k per unit time
fcr unit cost of fuel type r
fek fuel consumption for the empty vehicle k
feuk fuel consumption per unit of additional load in vehicle k
dkr equal to 1 if vehicle k uses the fuel type r
fxk the fixed cost of vehicle k
mnk costs of preventive maintenance, repairs and tires per km of vehicle k
tlij costs of tolls associated with arc (i, j)
peCO2 unit price per ton of CO2 emitted
efCO2,r emission factor, amount of CO2 emitted per unit of fuel r consumed
pep the unit price per ton of the pollutant p emitted
efp,t amount of pollutant p emitted from technology vehicle t per km travelled
ckt equal to 1 if vehicle k belongs to technology t
ne costs of noise emissions per ton of load carried and per km travelled
ae costs of accidents per ton of load carried and per km travelled

4.2 A Heuristic Algorithm to Solve the HVRP

Our approach to solving HVRP is based on the savings heuristic originally proposed
for the routing problem by (Clarke and Wright 1964). Because Clarke and Wright
heuristic was not designed for heterogeneous fleet with capacity constraints, an
extension that evaluates the benefit of merging two routes and then assigns a vehicle
with feasible capacity to satisfy the demand has been incorporated.

The extended algorithm includes the ability to perform with a heterogeneous
fleet. Thus, the route costs are calculated for all vehicles, regardless of meeting
with the capacity condition, and then the saving costs for all vehicles can be
obtained. Finally, the candidate routes to be fused can be selected based on several
criteria, a highest saving or a highest average saving. When two routes are, fused
an assignment problem is solved to get the best assignment of vehicles to routes
(based on cost criteria).

In the initial iteration process, any generated solution has a high probability to be
unfeasible, because the number of routes may exceed the number of available
vehicles. Also in the last algorithm iterations, routes cannot be fused because
demands exceed the vehicle capacity. Therefore, the heuristic has to select the best
solution that will be acceptable compared with the solutions in subsequent iterations.

Finally, it’s possible that the problem will be not feasible (for example with
high demands in delivery points and few vehicles with low capacity). Given this
case, the algorithm has a feasible verification process. The algorithm diagram is
represented in Fig. 1
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Let Z the set of vehicles, N the set of customers to delivery and R the set of
routes. The algorithm starts by forming for each client a route that connects it to
the depot, having a set R of N tours. These routes are iteratively joined until the
algorithm stops when R has only one route or when unfeasible joining routes
occurs. The algorithm keeps the best found solution when the number of vehicles
is equal to the number of routes and later.

4.2.1 Savings Calculation

After each fusion route process, the algorithm calculates for each vehicle, the
savings cost between each pair of routes from set R (28), obtaining a savings
matrix for each vehicle. Vehicle availabilities and capacities conditions are not
taken into account in savings calculation.

Sk
ab ¼ Ck

a þ Ck
b � Ck

ab 8k 2 Z; 8a; b 2 R ð28Þ

where:
Sk

ab is the saving between routes a and b when performed with a vehicle k

Ck
ab is the total cost of fusion routes a and b when performed with a vehicle k.

Once the savings matrix for each vehicle is obtained, average values (29) are
calculated. The highest value of this matrix designates the two candidate routes to
be joined.

Sab ¼
P
8k Sk

ab

m
8k 2 Z; 8a; b 2 R ð29Þ

Fig. 1 Savings algorithm diagram
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4.2.2 Check Fusion Routes

To guarantee feasibility, a fusion route check procedure is considered. It orders the
routes from higher to lower demand and sequentially routes are assigned to
the smaller capacity feasible vehicle. If all routes demands are linked into vehicles,
the solution is feasible and routes are joined; otherwise the next largest saving
value is chosen and the check procedure is repeated.

4.2.3 Keep the Best Solution

Every time the number of routes in R is less or equal to the number of available
vehicles, it is possible to obtain a new feasible solution for the problem. For this
purpose, the Hungarian Algorithm is used. It is a combinatorial optimization
algorithm which solves the assignment problem in polynomial computing time.

When two routes have been joined and the condition to obtain a solution is
satisfied, the algorithm evaluates the assignment problem and keeps the solution if
it is better than a previous found.

4.2.4 Lambda OPT Framework

Savings Algorithm ends with 2-optimal and 3-optimal procedures applied to each
of the found routes from the feasible solution to improve them.

5 A Numerical Example

In this section, we use a four-node illustrative example to show the differences
between using three objective functions: minimizing the total distance travelled
(1), minimizing the total internal costs (2) and minimizing the total internal and
external costs (3). We also study the traditional CVRP with Heterogeneous Fleet
(a), versus the effect of adding Backhaul (b), adding also maximum allowable
driving Time (c), and adding also Time Window (d). Thus, 12 instances from the
HVRPTWB are solved using optimization software.

We consider the four node network of Fig. 2, with 3 different vehicles at node 0 to
serve customers 1, 2 and 3. We consider an average speed of 50 km/h on each arc.
Then the driving times tij between nodes are 1, 2 and 2.24 h, depending on the length
of the arc. We assume a homogeneous load demanded by each node as Di = 8 ton.
Service times are set to Si

k = 1 h in all nodes by all vehicles, and there are no toll costs.
Table 1 shows the parameters associated to each vehicle of the fleet. Table 2

shows the parameters associated to fuel unit costs, external unit costs and emission
factors of vehicle types used. As mentioned above, 12 instances are modeled using
the MILP problem. In case (b) we consider a backhaul in node 2 with a demand of
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D2 = -8 ton. In case (c) we also assume a maximum driving time for each vehicle
of 8 h. And finally in case (d) we also set a time window in node 1 of [3, 5 h].
We have used CPLEX 11.1 with its default settings to solve the 12 MILP
instances. Eight different solutions have been found (Table 3). The solutions
associated to each instance and the objective functions are illustrated in Table 4.

Some implications of the results presented in Table 4 are as follows.
Optimal solutions which consider the traditional objective function of mini-

mizing total distance travelled (Sol#1 to Sol#4) are not optimal in some cases
when the objective function includes costs parameters. But optimal solutions
which consider internal and external costs in the objective function (Sol#5, #2, #6
and #8) are also optimal minimizing distances or internal costs. The reason is that
minimizing internal costs is quite similar to minimizing distances.

Table 1 Fleet parameters

Vehicles (k) 1 2 3

qk (tons) 9.5 18 9.5
pk (€/h) 19.89 21.40 19.89
Type of fuel (r) Diesel Diesel Diesel
fek (l/100 km) 17.50 19.80 17.50
feuk (l/ton�100 km) 1.05 0.75 1.05
fxk (€/day) 42.65 54.60 42.65
mnk (€/km) 0.0590 0.0787 0.0590
Technology (t) Rigid; 12–14_t;

Euro_IV
t = 2

Rigid; 20–26_t;
Euro_IV
t = 3

Rigid; 12–14_t;
Euro_II
t = 1

Table 2 Unit costs

fcdiesel (2010€/l) 0.9009
peCO2 (2010€/ton) 25
efCO2,diesel (kg/l) 2.67
Pollutant (p) NOx NMVOC PM
pep (2010€/ton) 3439.8 529.2 76337.1
efp,1 (g/km) 5.50 0.207 0.1040
efp,2 (g/km) 2.65 0.008 0.0161
efp,3 (g/km) 3.83 0.010 0.0239
ne (2010€/ton-km) 0.00648
ae (2010€/ton-km) 0.00635

Fig. 2 Four node example
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When a heterogeneous fleet is considered, adding external costs implies the
selection of the less pollutant vehicles or the assignment of longer routes to those
vehicles (Sol#7 vs. Sol#8), maintaining minimum total internal costs.

Depending on the type of VRP, the analysis of performance measures must be
different. Solutions including backhauls reduce all the costs [see Table 4, Inst. (b)
vs. Inst. (a)]. But adding time constraints increase the costs [see Table 4, Inst. (d)
or Inst. (c) vs. Inst. (b)]. Using the total costs allows comparing different solutions
and selecting the most appropriate. For example, Sol#8 is better than Sol#7 for the
external cost, and also Sol#7 is better than Sol#4 for the internal and external costs.

Table 4 Solutions and values of the three objective functions for all the instances

Instance Solution Objective function 1 Objective function 2 Objective function 3
Total distances Total inernal costs Total costs

1a #1 361.8a 419.5 463.9
1b #2 323.6a 358.3a 402.0a

1c #3 361.8a 387.2a 428.1
1d #4 461.8a 498.6 538.6
2a #5 361.8a 418.2a 460.0a

2b #2 323.6a 358.3a 402.0a

2c #6 361.8a 387.2a 425.2a

2d #7 461.8a 468.6a 511.6
3a #5 361.8a 418.2a 460.0a

3b #2 323.6a 358.3a 402.0a

3c #6 361.8a 387.2a 425.2a

3d #8 461.8a 468.6a 510.5a

a Optimal solution with that objective function

Table 3 Different optimal solutions

Solution Vehicle Optimal route Load (ton) Arrival time (h)

#1 1
2

0-3-0
0-2-1-0

8-0
16-8-0

3
7.24

#2 2 0-3-1-2-0 16-8-0-8 9.48
#3 1

3
0-3-0
0-1-2-0

8-0
8-0-8

3
7.24

#4 1
2

0-1-0
0-3-2-0

8-0
8-0-8

6
7.24

#5 1
2

0-3-0
0-1-2-0

8-0
16-8-0

3
7.24

#6 1
3

0-1-2-0
0-3-0

8-0-8
8-0

7.24
3

#7 1
3

0-1-0
0-3-2-0

8-0
8-0-8

6
7.24

#8 1
3

0-3-2-0
0-1-0

8-0-8
8-0

7.24
6
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6 A Real Case Application

This section shows the results obtained by analyzing the delivery activity of a
Spanish leading supermarket chain in the region of Huelva, a southern Spanish
province.

In this region, the network consists of 17 supermarkets or delivery points, which
are spread throughout the province (See Fig. 3) served directly from a central
distribution center (Depot). Service times are set to Si

k = 1 h in all nodes by all
vehicles, and there are no toll costs.

The optimal resolution of the model has been made with CPLEX 11.1 with
default parameters in a 3, 30 GHz Intel(R) Core(TM) i5-2400 CPU.

As in the above example, it is used the same heterogeneous fleet to show differ-
ences in the use of three different objective functions: minimizing the total distance
traveled (1), minimizing internal costs (2) and minimizing internal and external costs
(3), taking into account the capacity constraints on each one. The number of vehicles
of each class is doubled, to guarantee a feasible solution to the problem.

It is also compared this problem (type a), to the inclusion of a maximum driving
time of 8 h (type c) and limitations of time windows in nodes (type d). In problems type
a, c and d, a maximum computing time of one, two and four hours has been established
respectively and a gap value is obtained. This gap value indicates the percentage of the
search space that still remains to be processed with a tolerance of 10-4.

Data concerning the location in geographic coordinates of the distribution and
delivery points are summarized in Table 5.

Fig. 3 Distribution and delivery point’s locations
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The costs of travelling between each two customers, the distances and the
travelling time, have been obtained using the Google Maps application.

It is assumed a homogeneous load demanded by each node as Di = 1 ton. In
this problem, it has been chosen the same heterogeneous fleet of case 2 (Table 1)
but the number of vehicles of each class is doubled to guarantee a solution, being
vehicles number 4, 5, 6 the same than 1, 2 and 3 respectively.

Table 6 shows the nodes chosen for this problem with their demands and time
windows, while Tables 7 and 8 show the results obtained.

As Table 8 shows, the solutions to the problems, do not ensure that they are
optimal, since the gap value obtained indicates that the search space has not been
totally explored. This can be tested in the solutions found for every type of
problem of minimizing total costs, which have smaller internal costs than the
solution found to minimizing those costs.

These results suggest that heuristics approaches are necessary to find high
quality solutions to the environmental model.

7 Experimental Results

To analyze the behavior of the heuristics described above, it has been programmed
in C++. Computational tests have been performed on the real case of study
described in Sect. 6, and also on eight HVRP large instances, well-known as
Taillard problems.

Table 5 Distribution and delivery points location

Node Denomination Geographic coordinates

0 Depot 37.36777, -6.251307
1 Aljaraque 37.269481, -7.028072
2 Almonte 37.2602, -6.515853
3 Aracena 37.897758, -6.56756
4 Ayamonte 37.22076, -7.399118
5 Bollullos Par del Condado 37.350237, -6.540298
6 Cartaya 37.291339, -7.131093
7 Gibraleón 37.376795, -6.963138
8 Huelva 1 37.262245, -6.959466
9 Huelva 2 37.264112, -6.942893

10 Huelva 3 37.278407, -6.930155
11 Huelva 4 37.25542, -6.932226
12 La Palma del Condado 37.385996, -6.556054
13 Lepe 1 37.258957, -7.196568
14 Lepe 2 37.206551, -7.235068
15 Moguer 37.279747, -6.834899
16 Punta Umbría 37.187369, -6.975337
17 Valverde del Camino 37.578435, -6.752129
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In the real case application, the type a problem (without time window con-
straints) has been solved using the savings heuristic proposed in Sect. 4. The
solutions obtained for the three different objective functions (minimizing the total
distance traveled, minimizing internal costs and minimizing internal and external
costs) are compared respect to the best solution value obtained with CPLEX in the
established computing time.

In order to validate the heuristic behavior for large problems, a set of 8
instances from the HVRP literature have been solved and compared respect to the
best known solutions for each instance.

7.1 The Real Case Application

Type a problem does not have time windows (TW) constraints. Table 9 shows the
results obtained and compare the heuristic and the better solution found with the
optimization software.

With respect to solution quality, the heuristic savings algorithm obtained the
same solution as CPLEX for minimizing the distance traveled. The deviation from
the best solution found by CPLEX in the established computing time was quite
small (less than 1 %).

Table 6 Demands and time
windows for the 17 nodes
problem

Node Demand (ton) Time window (h)

0 – [0–8]
1 1 [4–8]
2 1 [4–8]
3 1 [0–4]
4 1 [0–4]
5 1 [4–8]
6 1 [0–4]
7 1 [0–4]
8 1 [0–4]
9 1 [0–4]

10 1 [0–4]
11 1 [4–8]
12 1 [4–8]
13 1 [4–8]
14 1 [0–4]
15 1 [0–4]
16 1 [0–4]
17 1 [0–4]
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7.2 Taillard Problems

In this section we describe the performance of the heuristic algorithm on the set of
8 instances from Taillard problems (13–20) and compare the solutions to the
results reported in the literature. Taillard problems do not have TW constraints.

As illustrated in Table 10, the heuristic savings algorithm seems to perform
well, with an average percentage difference from the best known solution of
11.09 %. It is important to mention that the proposed heuristic has been developed
to solve the HVRP with internal and external costs, and Taillard instances are
prepared to solve the HVRP with Dependent routing costs.

Table 7 Route and travel time solutions for the 17 nodes problem

Problem Objetive function Vehicle Route Time
(h)

Type a
(no. max. driving

time)

Distance 3 0-5-0 1.60
5 0-12-17-3-7-4-14-13-6-1-16-8-9-

11-10-15-2-0
23.86

Internal costs 1 0-5-2-12-17-3-0 8.96
2 0-15-7-10-11-9-8-16-1-6-13-14-4-

0
16.61

Internal ? external
costs

1 0-9-8-11-10-7-15-17-3-0 12.99
4 0-5-2-4-14-13-6-1-16-12-0 13.43

Type c
(max. driving time 8

hours)

Distance 2 0-5-12-17-3-0 7.44
4 0-16-1-8-9-11-0 7.55
5 0-15-10-7-2-0 6.45
6 0-13-6-14-4-0 7.14

Internal costs 1 0-6-13-4-14-0 7.01
3 0-5-2-9-11-15-0 7.47
5 0-7-1-16-8-10-0 7.57
6 0-12-17-3-0 6.39

Internal ? external
costs

1 0-6-13-14-4-0 6.84
4 0-5-12-17-3-0 7.44
5 0-15-7-16-1-0 6.79
6 0-10-11-9-8-2-0 7.31

Type d
(time windows)

Distance 1 0-7-10-15-2-0 6.48
3 0-3-17-12-5-0 7.44
5 0-9-8-16-1-11-0 7.59
6 0-6-4-14-13-0 7.00

Internal costs 1 0-15-10-7-12-0 6.22
3 0-4-14-6-11-0 7.26
4 0-3-17-5-2-0 7.95
6 0-9-8-16-1-13-0 7.84

Internal ? external
costs

1 0-9-16-10-12-2-0 7.94
3 0-6-4-14-13-0 7.00
4 0-15-7-8-11-1-0 7.74
6 0-3-17-5-0 6.42
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8 Conclusions

Research in Vehicle Routing Problems still needs more extensive study in the
areas of environmental issues and heterogeneous fleet with time windows con-
straints. There are few publications that address eco-efficiency objectives in
vehicle routing and scheduling problems. The need for companies to incorporate

Table 10 Comparison on the algorithm on Taillard problems

Problem Nodes Best known solution Savings algorithm

Cost (€) Error (%)

13 50 1,517.84 1,720.57 13.36
14 50 607.53 661.02 8.80
15 50 1,015.29 1,110.21 9.35
16 50 1,144.94 1,248.78 9.07
17 75 1,061.96 1,159.59 9.19
18 75 1,823.58 1,990.70 9.16
19 100 1,117.51 1,327.57 18.80
20 100 1,534.17 1,702.80 10.99

Table 9 Comparison on the algorithm on type a problem

Problem Obj func.pollution-routing
problem

CPLEX (max 3,600 s) Savings algorithm

Cost (€) Time
(s)

Solut.
(%)

Cost (€) Error
(%)

17a Distance 520.8 3,600 8.61 520.80 0.00
Internal costs 779.88 3,600 74.39 786.78 0.88
Internal ? external costs 813.15 3,600 70.91 822.03 1.09

Table 8 Solution values of the three objective functions for the 17 nodes problem

Problem Objetive function Distance
(km)

Internal
costs (€)

External
costs (€)

Total
costs (€)

Gap
(%)

Run
time (s)

Type a Distance 520.80 801.97 75.55 877.52 8.61 3,600
Internal costs 567.60 779.88 39.13 819.01 74.39 3,600
Internal ? external

costs
628.60 768.51 44.65 813.15 70.91 3,600

Type c Distance 859.10 1.000.41 47.59 1.048.01 45.70 7,200
Internal costs 851.20 965.12 47.41 1.012.53 77.46 7,200
Internal ? external

costs
852.20 963.09 42.21 1.005.30 73.82 7,200

Type d Distance 849.40 970.32 55.15 1.025.47 29.70 14,400
Internal costs 903.70 968.57 56.46 1.025.03 61.11 14,400
Internal ? external

costs
888.40 960.91 54.86 1.015.77 62.31 14,400
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these external factors as part of their planning and operational process is forcing
traditional VRP studies to model the fuel consumption, the pollutants emissions
and other external impacts within the objective function.

In this chapter, external factors were incorporated in a mixed integer linear
programming model for solving the traditional VRP with realistic assumptions
such as a limited number of heterogeneous vehicles, time windows constraints and
backhauls (HVRPTWB). Before the model was suggested, literature reviews on
VRP with heterogeneous fleet and on VRP and sustainability were presented. Due
to the intrinsic difficulty of this type of routing problems, solution approaches in
the literature are heuristic algorithms. In this chapter, a new heuristic algorithm
that extends the savings algorithm of Clark and Wright was developed to solve the
HVRP.

A numerical example was showing to illustrate and validate the model. A real
case application for the HVRPTW was presented and solved using optimization
software with a limited computing time and using the proposed heuristic in some
cases. Finally the heuristic was tested on the set of 8 instances from Taillard for
HVRPD. Computational results show good quality solutions and may be used to
solve the new eco-efficiency model without time windows.

Further research may lead to the development of a new metaheuristic algorithm
to incorporate time windows. Also further work on quantifying the congestion
factor is in order. Finally, we are incorporating variations in speed as part of the
model.
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Assessment of Criticality of Spare Parts
Using the Method of Multi-Criteria
Decision Making

Karolina Kolinska and Dawid Dolinski

Abstract Useful element in the process of inventory control of spare parts is the
information if spare parts is critical from the standpoint of the production process,
so whether it is necessary to keep it in stock. This decision can be made by using
the method of multicriteria decision making Analytic Hierarchy Process (AHP).
An important element in the application of this method in enterprises is to engage
maintenance and the Purchasing Department when defining the criteria that
determine the criticality of spare parts. This chapter describes an example of using
AHP method in the assessment of criticality of spare parts, which is the original
result of the work of the authors.

Keywords AHP method � Spare parts

1 The Essence of Spare Parts Management

Most of production companies have in its organizational structure Maintenance
Department (part of the enterprises have Maintenance Department as outsourcing),
which is responsible for the maintenance of production in continuous operation.
The function of spare parts inventories is to assist the maintenance operations in
keeping machinery and the devices included in the production lines in operating
condition.

K. Kolinska (&) � D. Dolinski
Institute Logistics and Warehousing, Poznan, Poland
e-mail: karolina.kolinska@ilim.poznan.pl

D. Dolinski
e-mail: dawid.dolinski@ilim.poznan.pl

M. G. Erechtchoukova et al. (eds.), Sustainability Appraisal: Quantitative Methods
and Mathematical Techniques for Environmental Performance Evaluation,
EcoProduction, DOI: 10.1007/978-3-642-32081-1_11,
� Springer-Verlag Berlin Heidelberg 2013

243



An important element is apprioprate definition of spare parts. According to the
standards (norm) DIN 24420, spare parts are items (also called parts), groups of
elements (named also the modules, and submodules) or complete products that are
used to replace the damaged, wasted or defective parts, modules, or products.
APICS standards define spare parts as modules, components, and elements that are
planned to be used without modification to replace an original part (APICS 2004).
You can define spare parts as follow (Biedermann 2008):

• Spare parts—components, groups or complete products, except for damaged,
worn or missing parts or groups of products,

• Replaceable spare parts—spare parts which are assigned to one or several
machines and are used in case of failure of machinery or equipment,

• Parts ready to be replaced, which can be use due to its design destination and
usually not regenerated because of low economic value,

• Small parts—generally used spare parts, mainly the standard and low values.

Nowadays, increasing attention is paid to problems of ecological management
of production processes in enterprises and supply chains. One of the effective
means of ecological production management is to maintain the operational read-
iness of available machinery in the company, which determines not only to obtain
the planned production capacity at a reasonable or acceptable level of production
costs but also contribute to the minimization waste of natural resources. The
increased interest in maintenance is not only accelerated by the need to start the
modernization processes and replacement of machinery and technological equip-
ment, but to a greater extent due to the progressive specialization of production
and the need for rapid deployment of new products for the consumer market. In the
literature review can be found that effective maintenance organization is the
cheapest and most effective means of improving the operating efficiency of fixed
assets and has a direct impact on the proecological strategy of the company (Znoj
and Zawadzka 1985).

One of the important function that implement Maintenance Department is
optimizing the availability of equipment at minimum cost. Other functions carried
out by Maintenance Department are (Mikler 2008):

• Safety of humans and the environment,
• Efficiency of production,
• Risk management,
• Efficient energy consumption,
• Quality of products and services offered.

The modern approach to Maintenance Department is mainly characterized by
(Legutko 2009):

• Avoid, reduce or eliminate defects and not only prevention,
• Carry out about safety of people and the environment, product quality and level

of customer service, and not only the costs optimizing,
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• Rejection the idea of binding the age of equipment and machinery from the
intensity of their damage,

• Specifying the frequency of maintenance activities on the basis of the symptoms
of damage and not on the basis of indicators of failure of equipment and
machinery,

• Development of common methods of maintenance for identical machines,
which have the same rules for the operation, functions and the expected stan-
dards of implementation,

• Independent develop programs of maintenance in the companies, reasonably
comply the recommendations of the supplier, and not treating supplier’s rules as
the only authorized for their development,

• Development of programs of maintenance by service maintenance and
operators,

• Approve of the involvement of employees from all management levels of the
company, it means that operation maintenance as a key factor of success of the
companies,

• Arrangement of Maintenance Department as a strategic area of the company,
and not only as a secondary department.

For successful execution of the maintenance process it is necessary to reduce
production costs, increasing the reliability of machinery, but also increase the
efficiency of the production process. Extremely important issue of maintenance is
effective control of the inventory of spare parts which have a direct impact on the
continuous operations of the production process.

One of the most important aspects to control the stock of spare parts is the
classification of the spare parts for determining the criticality of these parts from
the point of view of the continuity manufacturing process.

In order to manage such a classification, the authors propose using one of the
multi criteria methods of decision-making—AHP (Analytic Hierarchy Process).

2 Assessment of Criticality of Spare Parts Using Analytic
Hierarchy Process Method

Assessment of criticality of spare parts can be solved in two ways. First, are based
only on the experience of employees of Maintenance Department who decide the
criticality of the particular spare part. In such a situation, it is difficult to carry out a
verification of the results and discuss with the results obtained, as it does not rely
on calculations.

To make a good decision we need to know the problem, the need and purpose
of the decision, the criteria of the decision, their subcriteria, stakeholders and
groups affected and the alternative actions to take. We then try to determine the
best alternative, or in the case of resource allocation, we need priorities for the
alternatives to allocate their appropriate share of the resources (Saaty 2008). Such
opportunities to evaluate the criticality of spare parts provide AHP.
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The analytic hierarchy process (AHP) is a mathematical method for analyzing
complex decision problems under multiple criteria (Saaty 1995). The management
options for a particular decision problem are characterized by their attributes with
respect to a set of detailed criteria (Qureshi and Harrison 2003). One of the main
advantages of the application of the AHP in practice is the possibility of making an
objective choice based on the hierarchy of criteria analyzing. In accordance with
the assumptions of the AHP, hierarchy of validity has a structure that involves
peeling to the decision-making process in the initial stage, then on establishing
evaluation criteria and variants of solutions (Bruno et al. 2012).

Conducting a structured decision-making process is possible if the action plan
is established. It is recommended that this process has continued by the following
steps (Saaty 2008):

• Define the problem and determine the kind of knowledge sought,
• Structure the decision hierarchy from the top with the goal of the decision, then

the objectives from a broad perspective, through the intermediate levels (criteria
on which subsequent elements depend) to the lowest level (which usually is a set
of the alternatives),

• Construct a set of pairwise comparison matrices. Each element in an upper level
is used to compare the elements in the level immediately below with respect to
it,

• Use the priorities obtained from the comparisons to weigh the priorities in the
level immediately below. Do this for every element. Then for each element in
the level below add its weighed values and obtain its overall or global priority.
Continue this process of weighing and adding until the final priorities of the
alternatives in the bottom most level are obtained.

3 Case Study

Maintain continuity of production by Maintenance Department requires possession
of suitable spare parts in stock so that you can quickly run the machinery. There
are groups of spare parts, which are critical from the standpoint of the company
and they should necessarily be kept in a wide variety of locations and in significant
quantities. Some spare parts are not critical, but it is also important to keep them in
stock. Others parts and materials are high available on the market and therefore
there is no need to keep them in stock. Decision which parts should be allocated to
the Group of ‘‘critical’’, ‘‘important’’ or ‘‘other’’ may be carried out using the multi
criteria decision-making, in view of the large number of criteria that affect the
criticality of spare parts.

As already mentioned multi criteria decision making can be carried out using
different methods. In this chapter the authors decided to present methods of AHP
on the practical example.
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During the implementation of the process of assessment the criticality of spare
parts using the method of AHP the following tasks should be performed1 :

1. Define the problem

Solution: Assessment of criticality of spare parts.

2. Defining groups of the classification of spare parts—specify which group
should divide the spare parts and to define the characteristics of these groups

Solution: Spare parts will be divided into three groups:

• Critical—high risk of losing high-margin, long lead times, the small number of
potential suppliers, the low index of use—spare parts, which are crucial for the
continuity of production and reduction of losses; these parts are not entirely
available from suppliers, and in specific cases only available on special order,

• Important—medium risk of losing high-margin, shorter lead times, at least two
potential suppliers—spare parts, which are important for the continuity of
production; it is possible to stop production line, because it does not generate
huge losses,

• Other—small risk of losing high-margin, short lead times, large number of
potential suppliers, a high index of use—spare parts that do not cause large
losses and are fully available from suppliers.

3. Defining criteria for the classification of spare parts—create list of the criteria
(7 ± 2), which are the most relevant from the point of view of assessment the
criticality of spare parts.

Solution: The list of examples, which gives information to take a decision about
the criticality of spare part:

• Lead time—delivery time of the material,
• Price—the value of the purchase of one unit of the material (spare part),
• Lost margin—impact on operational risk, the value of the lost margin during the

hours/days stationary installations,
• Usage rate—the amount of material consumption in a given period of time in

relation to the frequency of releases, how often a spare part was used by the
Maintenance Department in the analysed period. The rules are described in
Table 4.

• Number of potential suppliers—one supplier/multiple suppliers.

4. Ranking criteria for the classification of spare parts from the most important to
least important—after defining the criteria for the classification of spare parts
they should be ranked in terms of their validity (from most to least important).

1 Tasks are defined in accordance with the methodology of AHP, but nevertheless they have
been tailored to the specific of spare parts.
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Solution: The list of criteria, in order from most to least important:

• Lost margin,
• Lead time,
• Price,
• Number of potential suppliers,
• Usage rate

5. Definition of validity of individual criteria between the criteria (compare
pairs)—under this task, you create a matrix containing all defined criteria,

Then you must compare each criterion (the comparison of pairs) and assign
them to the appropriate values. Use the values of individual variables, which are
presented in Table 1.

The next step is to determine the normalized weight (normalized eigenvector)
for particular criteria—determination of normalized weights (eigenvectors) are
calculated as the double designation of products matrix.

Solution:
Table 2 shows the results of the assessment of the validity of the individual

criteria between each other.

6. Collect actual data for the designated classification criteria—for each item or
material should be collected actual data for each of the defined criteria. It is
important that data relate to the same period and are expressed in the same
unit of measure. You should also remember that the actual data relate to the
current situation in the company.

Solution:
Table 3 shows actual data for the individual parts, which have been collected

from the company IT system, and also from the Maintenance Department workers.

Table 1 The values used to assess the validity of the individual criteria between each other

Value Description of relation Value Description of relation

1 Both criteria of equal
importance

0 Lack of criterium for the
material (spare part)

3 Left weakly more
important than top

1/3 Top weakly more
important than left

5 Left moderately more
important than top

1/5 Top moderately more
important than left

7 Left strongly more
important than top

1/7 Top strongly more
important than left

9 Left absolutely more
important than top

1/9 Top absolutely more
important than left

2, 4, 6, 8 Intermediate values

Source own study
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7. Designation of compartments (subcriterion) for each of the criteria.

Solution:
Table 4 shows defined value ranges for each criteria. Intervals were determined

on the basis of actual data collected for individual parts and taking into account the
specificities of the company.

8. The importance of individual compartments in a given criterion (the compar-
ison of pairs)—In this task, create a matrix for each of the defined criteria
(number of the matrix equal to the quantity of the criteria).

Each of the matrix should consist of the ranges specified for individual criteria
(paragraph 6). Then you should compare every compartment of each (the

Table 2 The validity of individual criteria between each other—matrix

Matrix Analyzed criterion Normalized
weights

Lost
margin
(PLN)

Lead
time
(days)

Price
(PLN)

Number of
potential
suppliers

Usage
rate

Lost margin (PLN) 1.00 3.00 5.00 7.00 8.00 0.5146
Lead time (days) 0.33 1.00 2.00 5.00 7.00 0.2461
Price(PLN) 0.20 0.50 1.00 2.00 5.00 0.1290
Number of potential

suppliers
0.14 0.20 0.50 1.00 4.00 0.0762

Usage rate 0.13 0.14 0.20 0.25 1.00 0.0341

Total 1.00

Source own study

Table 3 Actual data for the individual parts

Num.. Item Data

Lost margin
(PLN)

Lead time
(days)

Price
(PLN)

Number
of potential
suppliers

Usage
Rate
(-)a

1 A 7,000 15 340 0 1
2 B 12,000 18 120 1 2
3 C 130,000 76 2,650 1 3
4 D 100,000 90 8,600 1 4
5 E 153,000 120 3,070 1 4
6 F 12,000 67 1,970 1 4
7 G 78,000 54 56 0 3
8 H 78,000 10 143,000 1 3
9 I 7,000 23 9,300 1 4

10 J 153,000 38 4,600 0 2

Source own study
a Usage rate has no measure, each item can be assigned to one of the four groups. The rules are
described in Table 4
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comparison of pairs) in the framework of the criterion and assign them to the
appropriate values. Use the values of individual dependencies, which are shown in
Table 1.

Then designate normalized weights for each of the criteria—determination of
normalized weights (eigenvectors) is calculated by the double multipled matrix.

Solution:
Table 5 shows comparison of intervals for the criterion Lost Margin.
Table 6 shows comparison of intervals for the criterion Lead Time.
Table 7 shows comparison of intervals for the criterion of price.

Table 4 Compartments (subcriterion) for each of the criteria

Main
criteria

K1 K2 K3 K4

Lost margin (PLN) More than 120,000 50,000–120,000 10,000–50,000 Less than
10,000

Lead time (days) More than 70 40–70 20–40 Less than 20
Price (PLN) More than 5,000 1,500–5,000 500–1,500 Less than 500
Number of

potential
suppliers

One supplier (0) More than one
supplier (1)

– –

Usage rate Min. 2 issues in
the six month
(1)

6 month with at
least two
issues in
3 years (2)

1 issue in
3 years (3)

No issues in
3 years (4)

Source own study

Table 5 The importance of individual compartments for lost margin—matrix

Lost margin (PLN) K1 K2 K3 K4 Weights

K1 1.00 4.00 6.00 8.00 0.6136
K2 0.25 1.00 3.00 6.00 0.2361
K3 0.17 0.33 1.00 3.00 0.1026
K4 0.13 0.17 0.33 1.00 0.0477
Total 1.00

Source own study

Table 6 The importance of individual compartments for lead time—matrix

Lead
time (days)

K1 K2 K3 K4 Weights

K1 1.00 4.00 6.00 8.00 0.6223
K2 0.25 1.00 2.00 6.00 0.2206
K3 0.17 0.50 1.00 2.00 0.1035
K4 0.13 0.17 0.50 1.00 0.0536
Total 1.00

Source own study
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Table 8 shows comparison of intervals for the criterion Number of Potential
Suppliers.

Table 9 shows comparison of intervals for the criterion Usage Rate.

9. Determination of complex weights for each criterion—to calculate the weights
for each of the criteria the multiple of a weight-normalized the criterion and the
weight of the standard compartment must be determined.

Solution:
Table 10 shows designated weight made for each criteria and the individual

compartments within a given criterion. The weights are necessary to designate the
ranges, thanks to which it will be possible to assign individual spare parts to the
defined Group (Critical, Important, Other).

10. Designation of range for different groups—on the basis of the assigned
complex, weights must specify ranges groups of the classification of spare
parts.

Table 11 shows fixed value ranges allocation of individual spare parts to the
defined Group.

Table 7 The importance of individual compartments for price—matrix

Price (PLN) K1 K2 K3 K4 Weights

K1 1.00 2.00 6.00 8.00 0.56
K2 0.50 1.00 2.00 4.00 0.25
K3 0.17 0.50 1.00 4.00 0.14
K4 0.13 0.25 0.25 1.00 0.05
Total 1.00

Source own study

Table 8 The importance of individual compartments for Number of potential suppliers—matrix

Number of potential suppliers K1 K2 Weights

K1 1.00 6.00 0.86
K2 0.17 1.00 0.14
Total 1.00

Source own study

Table 9 The importance of individual compartments for usage rate—matrix

Usage rate K1 K2 K3 K4 Weights

K1 1.00 3.00 5.00 8.00 0.55
K2 0.33 1.00 3.00 8.00 0.27
K3 0.20 0.33 1.00 8.00 0.15
K4 0.13 0.13 0.13 1.00 0.04
Total 1.00

Source own study
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11. Assign each item to the defined groups assortment of spare parts classifica-
tion—assignment of individual items of material to the groups of the classi-
fication should be calculated on the basis of actual data, designated complex
matrix and specific compartments for the various groups of the classification
(Table 12).

12. Develop a final list of items or material with the prescribed classification
groups—analysis of the list of items or material with assigned groups, in par-
ticular those that are at the intersection of each group. Then leave the position of
material in the proposed group, or transfer it to another group. The final effect of
the work will be the material list with assigned classification of groups.

Table 10 The weight of the complex for the compartments within a given criterion

Main criteria Number of range

K1 K2 K3 K4

Lost margin (PLN) 0.316 0.122 0.053 0.025
Lead time (days) 0.153 0.054 0.025 0.013
Price (PLN) 0.072 0.032 0.018 0.007
Number of potential suppliers 0.065 0.011 – –
Usage rate 0.019 0.009 0.005 0.001

Source own study

Table 11 The value of ranges to allocate of spare parts to the groups

Group Ranges

Critical More than 0.443
Important From 0.199 To 0.443
Other Less than 0.199

Source own study

Table 12 The list of spare
parts from the assigned
groups

Spare part Total weigh Group

E 0.560 Critical
C 0.550 Critical
J 0.418 Important
D 0.366 Important
G 0.257 Important
H 0.216 Important
F 0.198 Other
B 0.143 Other
I 0.141 Other
A 0.111 Other

Source own study
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4 Conclusions and Further Research

An assessment of the criticality of spare parts is a long-term process. In particular,
when the list of parts covered by the analysis is large, and if the defined evaluation
criteria require gathering of data by employees of the Maintenance Department for
individual materials, especially when it is not possible to gather data from com-
pany IT system. Very laborious is the verification of the results of the classification
and any possible changes to be later on discussed in the top management of the
company.

Implementation of AHP method in the assessment of criticality of spare parts
has the following advantages:

• An organized process of project evaluation,
• Each spare part evaluated within the same criteria,
• Mechanics know and understand the definitions of individual criteria,
• The decision to set criteria and their definitions made by members of the project,
• The impact of a particular criterion on criticality of spare parts is determined by

the project team.

However, the assessment of the criticality of spare parts is not the last step in
the process of improving the control/inventory management of spare parts. After
develop the list of spare parts from the assigned groups classification it is rec-
ommended to fulfill the following tasks:

1. Developing procedures for assessing the criticality of spare parts. During the
preparation of procedures very important are:

• Repeating the assessment of the criticality of spare parts (frequency),
• Methods of assessment of the criticality of new spare parts, for which we

don’t have the history (like warehouse issues, Lead Time, etc.)
• The place for information in company’s IT System, about the group to which

you assigned the spare part of the assessment of the criticality of spare parts,
• Methodology of the inventory management of spare parts are assigned to each

group.

2. Approval of the procedures by the Board of Directors of the company.
3. Presentation of the results of the assessment of the criticality of spare parts to

the Top Management and the Board, and final approval of the results.

Full completion of the evaluation process of the criticality of spare parts,
requires the involvement of many people in the company, which is laborious and
time consuming. Therefore it is recommended to establish the project manager,
who will supervise the work, initiate and manage the project schedule.
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