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Abstract
Energy supply, which is essential for every part of today’s society, involves many risks for society and
environment. Currently, climate change confronts us with the question how fossil fuels can be substituted. This is a controversial question because different energy systems involve other impacts and risks.
Hence, in order to take a decision on an energy strategy, an integrative sustainability assessment of energy systems is necessary.
The aim of this thesis is the investigation of the consideration of social aspects in current energy system
assessments. In doing so, current energy system assessments are discussed based on the review of three
case studies: Hirschberg, Dones et al. (2004), Renn, Hampel et al. (2006) and Eliasson, Lee et al. (2003).
Regarding the consideration of social aspects, these three case studies all are based on the same general
methodical approach: They evaluate a number of scenarios or portfolios of energy systems by means of
participatory and multi-criteria decision making (MCDM) methods.
In this thesis an integral view on sustainability is taken and, thus, all aspects involving direct or indirect
impacts on society are classified as social. This perspective is different from that of current approaches
within which social criteria are limited to topics such as health, social security, labour market or income.
In order to independently identify relevant aspects for sustainability assessment of energy systems, the
nuclear, biofuel and photovoltaic energy chain are examined in detail. The adequacy of the three aforementioned case studies is discussed by means of (i) identifying strengths and weaknesses of participatory approaches and MCDM methods, and (ii) evaluating the consideration of the identified energy chain
relevant aspects. Subsequently, based on these findings, alternative evaluation approaches are identified.
It is shown in this thesis that results of participatory approaches are distorted by framing effects and do
not explicitly visualise the role of culture and values. Interests are unequally represented in participatory
approaches since the eloquence of individual participants is diverse and future generations and nonhumans cannot participate themselves. Moreover, time-horizons of participants are too short to evaluate
alternatives in respect of consequences lying far ahead in the future. MCDM methods are limited regarding the consideration of variances, uncertainties and non-linear system dynamics. Numerically, the three
case studies neglect more than the half of all identified aspects. Many specific aspects with high level of
detail and systemic aspects connected to (i) competing dynamic and social demand functions, (ii) longterm social demand functions and (iii) dynamic effects of changes in ecosystem variables are not considered.
These considerations lead to the conclusion that previous stakeholder-oriented multi-criteria approaches
are not able to resolve all the problems of a future oriented sustainability evaluation connected to energy
systems. The Ecological-Evolutionary Theory of Lenski (2005) is identified as the most interesting alternative approach to enhance the evaluation of energy systems.
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Zusammenfassung
Eine zuverlässige Energieversorgung ist essentiell für alle Bereiche der heutigen Gesellschaft. Die Bereitstellung dieser Energie birgt jedoch viele Risiken für die Gesellschaft und die Umwelt. Zurzeit stellt uns
der Klimawandel vor die Frage, wie die fossilen Energieträger ersetzt werden könnten. Dies ist eine kontroverse Frage, da andere Energiesysteme wiederum andere Auswirkungen und Risiken mit sich bringen.
Um Entscheidungen für zukünftige Energiestrategien zu treffen, ist es daher notwendig, eine ganzheitliche Nachhaltigkeitsbewertung von Energiesystemen vorzunehmen.
Das Ziel dieser Diplomarbeit ist die Untersuchung der bisherigen Berücksichtigung sozialer Aspekte in
der Bewertung von Energiesystemen. Die bisherige Berücksichtigung wurde anhand von drei Fallstudien
– Hirschberg, Dones et al. (2004), Renn, Hampel et al. (2006) und Eliasson, Lee et al. (2003) – diskutiert.
Diese Studien basieren bezüglich des Einbezugs sozialer Aspekte auf dem gleichen methodischen Ansatz:
Es wird eine Anzahl Energieszenarien oder -portfolios mit Hilfe eines Partizipationsansatzes und einer
Multi-Criteria Decision Making (MCDM)-Methode verglichen.
In dieser Diplomarbeit wird von einer integralen Nachhaltigkeitsdefinition ausgegangen. Folglich werden alle Aspekte mit direkten oder indirekten Auswirkungen auf die Gesellschaft als sozial klassifiziert.
Diese Perspektive unterscheidet sich von den bisherigen Ansätzen, welche sich bezüglich sozialer Aspekte auf Themen wie Gesundheit, Sozialsicherheit, Arbeitsmarkt oder Einkommen beschränken.
Um unabhängig von den bisherigen Ansätzen Aspekte zu identifizieren, welche für eine Nachhaltigkeitsbewertung wichtig sind, werden die drei Energiesysteme Nuklearenergie, Biofuels und Photovoltaik im
Detail betrachtet. Zur Diskussion der Eignung der drei erwähnten Fallstudien werden zuerst (i) Stärken
und Schwächen der Partizipations- und MCDM-Methoden betrachtet und wird anschliessend (ii) die
Berücksichtigung der unabhängig identifizierten Aspekte durch die drei Fallstudien untersucht. Nachfolgend werden, basierend auf den bisherigen Erkenntnissen, alternative Ansätze identifiziert.
Durch die in dieser Diplomarbeit unternommenen Untersuchungen und Nachforschungen wurde gezeigt, dass die Resultate von Partizipationsansätzen durch Framing-Effekte verfälscht werden. Zudem
wird die Rolle von Kultur und Werten ungenügend aufgezeigt. Die verschiedenen Interessensgruppen
sind ungleich repräsentiert, weil sich die Eloquenz einzelner Teilnehmer unterscheidet und zukünftige
Generationen sowie die Umwelt selbst nicht teilnehmen können. Ausserdem sind die persönlichen Zeithorizonte der Teilnehmer zu kurz, um Konsequenzen zu beurteilen, die weit in der Zukunft liegen.
MCDM-Methoden sind bezüglich der Berücksichtigung von zwei Aspektgruppen limitiert: Erstens werden Aspekte mit einem hohen Detaillierungsgrad vernachlässigt. Zweitens werden systemische Aspekten im Zusammenhang mit (i) konkurrierenden dynamischen und sozialen Nachfragefunktionen, (ii)
langfristigen sozialen Nachfragefunktionen, sowie (iii) dynamischen Effekten von Veränderungen in
Ökosystemvariablen ungenügend berücksichtigt.
Diese Erkenntnisse zeigen, dass die bisherigen, stakeholder-orientierten MCDM-Ansätze nicht alle Probleme im Zusammenhang mit einer zukunftsorientierten Nachhaltigkeitsbewertung von Energiesystemen lösen können. Die Ecological-Evolutionary Theory von Lenski (2005) wurde als der interessanteste
alternative Ansatz zur Bewertung von Energiesystem identifiziert.
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1 Introduction

Reliable energy supply is essential for every part of today’s society. Energy is necessary in our all day life
for heat supply, mobility, transport of goods, communication, operating of all electrical devices and – last
but not least – food supply. In particular, the increasing importance of information technologies and
mobility results in increasing energy consumption and, hence, increases the dependence on energy. At
the same time, present energy systems, which only make the current shape of society and way of living
possible, involve many risks for society and environment. In particular, the operation of energy systems
which depend on fossil fuels causes a decrease of non-renewable resources and is responsible for an
increase of greenhouse gases in the atmosphere, causing climate change. In the medium term, climate
change causes severe impacts on society and high costs and therefore needs to be tackled quickly (IPCC
and ProClim 2007). This confronts us with the question of how fossil fuels can be substituted to assure
adequate energy supply. This is a controversial question because other energy system alternatives involve other obstacles. Photovoltaic energy which on the one hand involves low greenhouse gas emissions, is, on the other hand, currently much more expensive compared to fossil fuels. Nuclear energy
which provides both, low greenhouse gas emissions and low costs, entails nuclear risks. These conflicting
aspects show the need for an integrated sustainability assessment of energy systems.
In consideration of this need, a systemic and future-oriented view is taken: Sustainable development is
defined as an ongoing enquiry on system limit management in the framework of intra- and intergenerational justice (Laws, Scholz et al. 2004). In order to describe this view on sustainability and to structure
the analysis within this thesis the Human-Environmental System research framework (HES) paradigm is
introduced (Scholz 2003). The HES paradigm is a process structure model of the relations between human and environmental systems (represented on the left and on the right side of Figure 1, respectively).
1

Figure 1:

The Process Structure Model of the Human-Environmental System Research Framework
(HES) Paradigm (Scholz 2003).

This model describes relations which take place within and across different layers (supranational systems, society, organisations, groups and individuals). In the following, the HES paradigm is exemplified
by the example of the energy system assessment.
First, intended actions, goals and needs are identified. The intended action with respect to energy systems is the decision on an energy strategy. The needs are a reliable energy supply, climate change mitigation, low costs and the minimisation of risks. By determining goals and needs, post decisional evaluation (primary feedback loop) and long-term impacts of actions on environmental dynamics (secondary
feedback loop) are taken into consideration. An example is the application of fossil fuels during the last
century: In recent years by understanding processes in the atmosphere it was realised that greenhouse
gases which result from fossil fuels cause climate change which is not desirable. This insight enables a
learning process and, hence, influences current and future decisions on energy strategies.
Strategies are formulated, evaluated and selected, in order to achieve the identified goals and needs.
These three steps of (i) Intended action/goal/needs, (ii) Strategy formation and (iii) Strategic selection
evaluation are influenced by the environmental awareness. For the example of energy system assessment, this awareness is influenced by available examination methods and the available environmental
2

inventory. The subsequent action leads to environmental reactions which, in turn, feed back to society
and allow post-decisional learning connected to future decisions.
The HES paradigm underscores the importance of an integral view of energy systems, in order to assess
sustainability in the perspective of society. All aspects involving direct or indirect impacts on society have
to be taken into account and should be classified as social aspects. Due to these considerations, the approach of current energy system assessments to separate the investigation of economical and environmental aspects from social issues is questioned. In spite of this claim, the differentiation of the terms
economic, environmental and social is used in this thesis, in order to allow the handling of the criteria.
Hence, criteria which reflect topics such as health, social security, labour market, income, housing as well
as population and demography are referred to as social (Renn, Hampel et al. 2006).
Within this thesis the current consideration of social aspects in energy system evaluations is examined.
In doing so, the adequacy of the current consideration of social aspects is challenged by putting the following questions: What are the strengths and weaknesses of current energy system assessments regarding the consideration of social aspects? Where are the limits of current methods? And what are possible
alternative approaches? In order to answer these questions, the analysis of current energy system assessments is structured as depicted in Figure 2.
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In the second chapter of this thesis, running and completed projects are presented in order to identify
the state-of-the-art in energy system assessment. This is done by means of the review of three selected
case studies. In the third chapter the nuclear, biofuel and photovoltaic energy chain are described in
detail in order to exemplarily identify relevant aspects for a sustainability assessment of energy systems.
In the fourth chapter current energy system assessments are discussed. In section 4.1 the applicability of
current methods is discussed. In section 4.2 it is evaluated how far in chapter 3 identified aspects are
considered in current assessments of energy systems. In section 4.3 main requirements for the consideration of social aspects in the assessment of energy systems are identified and alternative concepts and
approaches are presented and shortly discussed. In the fifth chapter conclusions are drawn and an outlook is given.

4

2 Review of Running and Completed Projects

In this chapter running and completed energy system assessment projects are reviewed. The aim is to
identify current evaluation methods and currently considered aspects in the assessment of energy systems to discuss strength and weakness in chapter 4.
Different theories and methods for the evaluation of energy systems have been developed. From the
economist’s point of view there are two general ways of assessing energy systems: the neoclassical and
the institutional approach (Kim 2007). The neoclassical approach regards environmental degradation as
market failure and valuates external costs of energy systems. The aim of this approach is to achieve “an
economically efficient allocation of resources through the integration of externalities in energy price”
whereas the institutional approach “regards the environmental degradation as not just market failure
but institutional failure” (Kim 2007). Unlike the neoclassical approach the institutional approach considers social aspects of energy systems and it contends that not all values of society can be reduced to
monetary measures.
The institutional approach comprises two methods: social cost valuation and multi-criteria decision
making (MCDM).1 The social cost valuation is a quantitative method which also considers social damages
caused by the market system and the forces of power within that system. MCDM develops “a rational,
participatory evaluating process wherein values, goals, and requirements would be determined with the
help of the best-available knowledge from interdisciplinary holistic scientific research” (Kim 2007).

1

Multi-criteria decision making (MCDM) method is also referred to as multiple criteria decision making, multicriteria decision aid
or multi-criteria decision analysis.

5

There are qualitative as well as quantitative MCDM approaches and, in general, two types of decision
model can be differentiated: utility function-based and outranking methods. Utility function-based
methods consist of a function which aggregates (weighted) criteria values to one monocriterion. Different alternatives’ values of this monocriterion then can be compared. Outranking methods consist of
“aggregating the criteria into a partial binary relation […] (outranking relation) and then of the exploitation of this relation” (Kim 2007).
In the following, three energy system assessment projects are reviewed as case studies: PSI’s Comprehensive Assessment of Energy Systems (GaBE) project, the New Energy Externalities Development for
Sustainability (NEEDS) project of the European Union (EU) and the China Energy Technology Program
(CETP) coordinated by ABB.
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2.1 Comprehensive Assessment of Energy Systems (GaBE)
Project of the Paul Scherrer Institute
The objective of PSI’s Comprehensive Assessment of Energy Systems (GaBE) project is to “develop and
apply a comprehensive method for the consistent and detailed assessment of energy sources to provide
scientific support to decision-makers in the Swiss energy sector and beyond who are concerned with
total costs, environment, sustainability and related issues” (GaBE 2007). Within the GaBE project various
methods have been applied to quantify impacts of energy systems. Also social criteria have been taken
into consideration by PSI, in particular in Hirschberg, Dones et al. (2004). In this study the sustainability
of electricity supply technologies operating under German conditions (i.e. lignite, hard coal, oil, natural
gas, nuclear energy, hydro energy, wind energy and photovoltaic energy) was addressed, on behalf of the
International Committee on Nuclear Technology (ILK). The considered criteria of the GaBE project, applied methods, environmental inventories and results of the evaluation will be presented in the following.

2.1.1

Criteria Set

The sustainability evaluation applied in Hirschberg, Dones et al. (2004) is an evaluation of alternatives
within the electric sector on the basis of a criteria set covering economic, ecologic and social dimensions
in the decision-making process. For the formulation of criteria the PSI started with the following three
sector-specific basic principles:
-

“No” degradation of resources in the broadest sense,

-

“No” production of “non-degradable” waste, and

-

High potential for robustness/long-term stability. (Hirschberg, Dones et al. 2004)

“No” corresponds to the aim of being as small as possible. This approach is based on the concept of
strong sustainability, like The Natural Step (Azar, Holmberg et al. 1996; Johnston, Everard et al. 2007).2

2

Such approaches are further discussed in section 4.3.3.
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The idea is to formulate strict normative rules which determine the relation between human beings and
the environment to achieve sustainable development. In this concept, sustainability means that the
existing nature must be maintained in its current shape because it is assumed that functioning of nature
can not be substituted.
In a second step the PSI formulated specific criteria and indicators in relation to these three basic principles. For example, land use and environmental impact through emissions act as criteria to measure the
achievement of the first basic principle of “No degradation of resources in the broadest sense”. In this
approach society is understood as a resource too. Hence, following this first basic principle, it is a declared aim of Hirschberg, Dones et al. (2004) to minimise the degradation of society. For the achievement
of the second principle of “No production of non-degradable waste” the produced amount of waste is
measured. For the third basic principle of “High potential for robustness/long-term stability” criteria such
as the foreign depencency or social-political and financial stability are put forward.
By means of these three sector-specific basic principles and a criteria survey PSI selected criteria and
corresponding indicators.3 This criteria set was compiled by scientists of PSI and hence is not based on a
participatory approach. It consists of thirteen impact areas (e.g. resources and severe accidents) and 18
criteria. Most of these criteria are relatively easily quantifiable and only four criteria (geo-political factors,
peak load response, proliferation potential and noise and visual amenity) are expressed on a relative
scale. All other 14 criteria are related to quantitative measures, e.g. tons of CO2-equivalents per GWh. The
following social criteria have been considered: employment, proliferation, human health impacts of
normal operation, local disturbances, critical waste confinement and risk aversion.

2.1.2 Methods
For the comparative assessment of energy system alternatives a systematic, multi-disciplinary and process-oriented bottom-up method has been established (Hirschberg and Dones 2005). The analysis framework of the PSI is depicted in Figure 3. The following methods for the quantification of criteria have been

3
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The complete criteria set is presented in Annex B.

used: Life Cycle Assessment (LCA), Life Cycle Impact Assessment (LCIA), Risk Assessment (RA), Probabilistic Safety Assessment (PSA) and Impact Pathway Approach (IPA).
In Hirschberg and Dones (2005) the evaluation of alternatives in the electric sector was done by employing a neoclassical as well as an institutional approach of criteria aggregation: the estimation of total
internal and external costs and an utility function-based MCDM. Hirschberg, Dones et al. (2004) put
forward some reservations against the neoclassical approach of comparing costs since “the societal dimension, which plays a central role in the decision process, does not come to the surface”.4 However, in
Figure 3 it attracts attention that social aspects are separated from all other elements and connections to
other system elements (e.g. risk factors and environment) are not established.

Figure 3:

Analysis Framework for Comprehensive Assessment of Energy Systems of the PSI
(Hirschberg, Dones et al. 2004).

4

Hirschberg, Dones et al. (2004) also admit that the institutional approach is certainly “open to accounting for values”. In this
study these values consequently derive from PSI scientists as no methods to reach participatory values are used.
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2.1.3 Environmental Inventories
Environmental inventories in Hirschberg, Dones et al. (2004) stem from calculations in the ecoinvent
database.5 The calculations refer to average performance characteristics for the technologies and only
current technologies were considered. Hence, scenarios of future development of energy technologies
are not included.
PSI uses aggregated and non-aggregated data, as mentioned above. Non-aggregated environmental
criteria, for example CO2 emissions, are primarily based on LCA and economic criteria are based on available national data. More aggregated data (e.g. mortality, external costs and severe accidents) are established as follows.
For the assessment of human health impacts of energy systems a mortality criterion (representing the
reduced life expectancy) expressed in terms of Years of Life Lost (YOLL) was used. For this calculation an
Impact Pathway Approach (IPA) was applied. The IPA allows to aggregate emission criteria and to quantify their impacts on mortality or change in unprotected ecosystem areas using dispersion models for
atmospheric pollutants and dose-response functions. Subsequently, corresponding environmental external costs can be calculated by multiplying established YOLL values with appropriate cost factors.
For the evaluation of severe accidents the PSI Energy-related Severe Accident Database (ENSAD) was
used. ENSAD contains world-wide comprehensive data on severe accidents in the energy sector
(Hirschberg 2003). For severe accidents within the nuclear energy chain a PSA was employed since for the
nuclear carrier only information about one severe accident (Tschernobyl) is available.
For the quantification of the other four social criteria, where available, national data or industry sources
were used and – if these sources did not deliver any data – estimates were made.

5

“The ecoinvent Centre offers science-based, industrial, international life cycle assessment (LCA) and life cycle management
(LCM) data and services.” (Ecoinvent 2007). Many data of the ecoinvent database have been established in collaboration with
PSI’s scientists.
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2.1.4 Results of the Evaluation
The results of the MCDM used at PSI are exemplarily shown in Figure 4: Hydro energy performs best,
followed by wind and nuclear energy. A multi-criteria sensitivity mapping by varying the weights of the
economic, ecological and social criteria-group of the MCDM showed that “putting emphasis on economy
penalizes renewables, emphasis on environment penalizes fossil systems and on societal aspects nuclear” (Hirschberg, Dones et al. 2004). This shows the sensibility of the MCDM with respect to the step of
weighting sustainability dimensions and criteria and connected consequences on result.
Estimates of external costs in Hirschberg, Dones et al. (2004) show the best result for nuclear energy,
followed by natural gas. These estimates consider human health and environmental impacts, as presented above. But future uncertainties of external costs, e.g. of CO2 emissions, are not considered in this
evaluation.

Figure 4:

Comparison of the MCDM-Results for Energy Technologies in Germany, with equal
Weights assigned to the Three Dimensions of Sustainability (Hirschberg, Dones et al.
2004). For each criterion a normalisation is applied: the alternative which performs best is
assigned a score of 100 and the one which does worst a score of 0. All intermediate scores
are calculated by means of linear interpolation. Then, “a single overall value is obtained for
each alternative by summing the weighted scores for all criteria” (Hirschberg, Dones et al.
2004).
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Reconstruction of PSI’s Current Energy System Assessment
In the following the current investigation of energy systems at PSI is reconstructed with the aim of an
aggregated presentation of the result of PSI’s current energy system assessment, graphically and numerically.
Figure 5 depicts relations (inputs and outputs) among energy systems, environment and society. The
schema reproduces the criteria of PSI’s current energy system assessment, i.e. of Hirschberg and Dones
(2005) and Hirschberg, Dones et al. (2004). The energy chains lignite, hard coal, natural gas (combined
cycle and cogeneration), oil, nuclear energy, hydro energy (reservoir and run-of-river), photovoltaic energy
(CH and southern Europe) and wind energy (onshore and offshore) are considered. The environment is
represented by hydrosphere, lithosphere, biosphere and atmosphere.
In Figure 5 the linear and unidirectional character of current energy system criteria of PSI becomes visible.
This energy system model is presumably not able to consider dynamic system relations to environment
and society. This system model only partially considers indirect impacts of energy systems on society (i.e.
impacts on the environment which harm the society) and long-term relevant or long delayed effects.
Moreover, society is treated as a black-box and, hence, processes and dynamics which occur inside the
society (e.g. as reactions to inputs from energy systems) are not taken into account. These aspects are
further discussed in chapter 4.
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Figure 5:

Schema of Current Investigation of Energy Inventories from PSI: Relations between Energy Systems and Environment and Society.
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In Table 1 available inventory data of PSI are arranged to facilitate an overview on PSI’s assessment results. Criteria are derived from Hirschberg and Dones (2005) and Hirschberg, Dones et al. (2004). If the
same data are available in both studies, data from Hirschberg and Dones (2005) are preferred because
they refer to Switzerland and they are more comprehensive with respect to the different energy chains.
In order to allow for a convenient comparison, criteria values are simplified. For each criterion the highest
value is weighted to 10. The other values are then also reweighted and expressed relative to the highest
value. In doing so, all criteria values range from 0 to 10 and refer to the functional unit of 1 / energy (e.g.
1/kWh). For some criteria the highest value and for some other the lowest value is the best. In order to
illustrate the assessment results, the values are coloured: green stands for “good”, yellow for “moderate”
and red for “bad”. This “normalisation” was not applied to the criteria internal costs, external costs, energy transmission, long-term resource availability, net efficiency (electric) and net efficiency (thermal). A
simplification of these criteria is not necessary because their information is easily comparable without
any simplification.
Table 1 includes nine economic, 14 environmental and six social criteria. Even though not for all energy
systems and sub-systems information are available, Table 1 gives an overview of PSI’s evaluation results.
It attracts attention that fossil energy chains (lignite, hard coal, natural gas and oil) include the most red
coloured values. In some criteria related to the environment new renewables show worse results than
other energy chains: photovoltaic energy facilities contain large amounts of copper, wind energy facilities require high amount of iron ore and both energy chains show the worst results regarding resource
availability and peak load response. Only one value of the nuclear energy chain is classified as “moderate” and, hence, nuclear energy achieves either good or bad results regarding the assessed criteria. Hydro
energy performs badly regarding only for one single criterion which is employment.
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Table 1:

Data of the Current Investigation of Energy Systems of the PSI: Relative criteria values of system relations. Coloured values range from 0
to 10. Green stands for “good”, yellow for “moderate” and red for “bad”. The ranges are: 0≤ low ≤3; 3< middle <7; 7≤ high ≤10. In the column “Unit” it is stated which of the values “low” and “high” correspond to “good”. Data stem from Hirschberg, Dones et al. (2004),
Hirschberg and Dones (2005), BFE (2006a), BFE (2006b) and BFE (2006c). Corresponding absolute values are presented in Annex A.

Indicator Name

Unit

Sustainability Dimension

Input /

System Boundary

Output

Crossing

Energy Carrier

Lignite Hard
Coal

Natural

Nuclear Hydro Energy

Photovoltaic Energy

Wind

Energy

General

Sub Category/

Oil

Gas
Combined

Cogeneration

Energy
General

Reservoir

Cycle

Reference Country

Run-of- General

CH

River

Southern Onshore

Offshore

Europe

Internal Costs

Rp/kWh

Economic

Input

S. -> En.

4.1

5.7-7.4

4.7-5.8

~9

~9-~13

4.1-5.4

4.0-10.0

2.9-7.4

70-

n.a.

12.0-24.0

9.5-18.6

External Costs

Rp/kWh

Economic

Input

S. -> En.

n.a.

3.1-15.8

0.8-5.5

n.a.

n.a.

0.2-1.3

0-1.2

small

0.1-1.5

small

0.1-0.6

small

Energy Transmission

% of Total Final

Economic

Output

ES. -> S.

0.09%

0.54%

12.22%

56.48%

8.82%

7.12%

6.01%

0.01%

Long-term Resource

Years

Economic

Input

Ev. -> ES.

400

2000

100

100

500

∞

∞

∞

Economic

Output

En. -> S.

8.9

8.3

10.0

10.0

7.2

5.6

6.1

5.7
2.5

Availability
Fuel Price Increase

Relative, 0-10, 0 is best

Sensitivity
Resource Availability (load

Relative, 0-10, 10 is best

0.003%

Economic

Input

Ev. -> En.

10.0

10.0

10.0

10.0

10.0

5.0

1.1

Copper

Relative, 0-10, 0 is best

Economic

Input

Ev. -> ES.

0.6

0.5

0.2

0.5

0.2

0.0

10.0

1.7

Peak Load Response

Relative, 0-10, 10 is best

Economic

Input

Ev. -> ES.

2.0

5.0

10.0

10.0

1.0

3.0

0.0

0.0

Geopolitical Resources

Relative, 0-10, 10 is best

4.0

10.0

factor)

Economic

Input

S. -> ES.

10.0

8.0

Net Efficiency (electric)

%

Environmental

Output

ES. -> Ev.

38%

42%

Net Efficiency (thermal)

%

Environmental

Output

ES. -> Ev.

Regional Environmental

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

Factors

Impact

5.2

6.4

58%

2.0

8.0

38%

39%

32%

44%

43%

2.6

10.0

10.0
84%

88%

10.0
12%

12%

25%

0.3

0.1

1.8

0.5
0.8

25%

Land Use

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

1.6

3.2

1.4

10.0

0.2

2.7

1.9

Total Waste

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

4.7

10.0

0.1

0.6

0.8

1.3

3.7

Greenhouse Gases

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

10.0

9.2

4.0

5.5

6.9

0.1

0.0

0.0

0.7

0.5

0.1

0.1

SO2

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

0.0

0.0

10.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.3

NOX

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

6.8

7.7

3.1

9.8

10.0

0.4

0.2

0.3

2.8

1.9

0.5

0.4

PM10

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

10.0

9.8

1.0

1.1

5.1

0.7

0.6

1.0

5.6

3.8

2.7

2.2

Non-radioactive Waste

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

10.0

7.9

0.1

0.2

0.9

0.3

1.9

1.5

3.8

2.6

5.9

1.0

Radioactive Waste

Relative, 0-10, 0 is best

Environmental

Output

ES. -> Ev.

0.1

0.2

0.0

0.0

0.2

10.0

0.0

0.0

0.2

0.1

0.0

0.0

Severe Accidents

Relative, 0-10, 0 is best

Environmental

Output

ES. -> S.

0.1

4.7

10.0

0.5

Fossil Resources

Relative, 0-10, 0 is best

Environmental

Input

Ev. -> ES.

8.1

1.1

2.2
7.3

9.3

10.0

0.1

0.1
0.0

0.0

0.0
1.1

0.7

0.0
0.2

0.1

Iron Ore

Relative, 0-10, 0 is best

Environmental

Input

Ev. -> ES.

2.2

6.7

3.9

5.1

8.2

1.1

0.8

1.1

4.9

3.4

10.0

5.8

Employment

Relative, 0-10, 10 is best

Social

Output

ES. -> S.

0.3

1.3

1.0

0.7

0.2

1.8

10.0

0.5

Proliferation

Relative, 0-10, 0 is best

Social

Output

ES. -> S.

0.0

0.0

0.0

0.0

10.0

0.0

0.0

0.0

Human Health Impact of

Relative, 0-10, 0 is best

Social

Output

ES. -> S.

5.1

5.7

1.9

10.0

0.4

0.9

1.7

0.1

Social

Output

ES. -> S.

10.0

8.0

2.0

6.0

4.0

5.0

0.0

7.0

Relative, 0-10, 0 is best

Social

Output

ES. -> S.

0.5

0.5

0.0

0.0

10.0

0.0

0.5

0.0

Relative, 0-10, 0 is best

Social

Output

ES. -> S.

0.0

0.1

0.0

0.9

10.0

0.4

0.0

0.0

Normal Operation
Local Disturbance

Relative, 0-10, 0 is best

Waste Confinement Time
Risk Aversion
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2.2 New Energy Externalities Development for Sustainability
(NEEDS) Project
The results presented in the following were elaborated within the research stream 2b (RS2b) of the New
Energy Externalities Development for Sustainability (NEEDS) project of the EU. The objective of the
NEEDS project is “to evaluate the full costs and benefits of energy systems and energy policies, both for
individual countries and for Europe” (Renn, Hampel et al. 2006). The objective of RS2b is “to broaden the
basis for decision support beyond the assessment of external costs and to extend the integration of the
central analytical results generated by other Research Streams” (Burgherr 2005).
RS2b is structured into two work packages. Burgherr (2005) presents the results of the first work package
(WP 1) of this research stream and comprises a survey of published sustainability criteria and indicator
sets. Renn, Hampel et al. 2006 present the results of the second work package (WP 2) and develops new
social criteria for the measurement of effects of energy systems. Criteria in Renn, Hampel et al. (2006)
are developed through a multistep-approach, including participatory decision-making processes. Criteria
requirements, methods and criteria sets applied and developed in Burgherr (2005) and Renn, Hampel et
al. (2006) are presented in the following.

2.2.1 Criteria Requirements
Burgherr (2005) has identified scientific, functional and pragmatic requirements for the definition of
sustainability criteria. The group of scientific requirements includes, inter alia, the following elements:
Criteria should be measurable, quantifiable, clear in value, in content and not overlapping in what they
measure. It must be questioned how far the latter requirement for “no redundancy or double counting”
is adequate as different criteria often interdepend (e.g., if the value of criteria A increases, the value of
criteria B increases too). Such interdependencies of criteria, which can lead to double counting, do not
say anything about the relevance of involved criteria. However, it does not seem adequate to exclude
overlapping criteria because this would in parallel bring along the complete exclusion of relevant criteria.
A further scientific requirement of Burgherr (2005) is that criteria should respond relatively quickly and
noticeable to changes in the system. Even though it is clear that criteria should be sensitive to what they
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should measure and this measurement should be completed in a limited period of time, it raises the
question if such criteria are able to deal with long-term impacts. The latter two issues make clear the
need for a comprehensive understanding of system elements and their dynamics, as further discussed in
chapter 4.
Functional requirements of Burgherr (2005) for the definition of sustainability criteria include, inter alia,
that criteria should be relevant for all stakeholders involved, compelling (“interesting, exciting and suggestive of effective action”), comparable and comprehensive. The latter two requirements, comparability
and comprehensiveness, represent a trade-off every criteria set has to deal with. These two requirements
are conflicting because if a criterion is comprehensive and, thus, sufficiently describes all essential aspects of one energy system many system-specific aspects have to be taken into consideration. As for
different energy systems different specific aspects are of importance, this high level of detail penalises
comparability. This issue is further discussed in chapter 4.
The last group of pragmatic requirements includes, inter alia, that a criteria set is manageable, criteria
are understandable and feasible and that criteria address economic, environmental and social dimensions of sustainability. Other requirements for the definition of criteria with respect to a sustainability
assessment of energy systems are not demanded by Burgherr (2005). So, e.g., it is not claimed that sustainability criteria should be able to measure inter- and intragenerational justice of energy systems
which is – as described in the introduction of this thesis – an important element of sustainable development. The importance of this requirement is further discussed in chapter 4.
Burgherr (2005) concludes that current approaches of sustainability criteria and indicator sets including
social criteria reflect the purpose of traditional social policy to generally enhance living conditions that
are conducive to human welfare rather than measure social effects of technologies. Social criteria are
insufficient and subjective and “none of the available sets is fully suitable for comparing sustainability of
major energy carriers with differentiation between technologies, as it is aimed for within the NEEDS
project” (Burgherr 2005). Due to this finding in Renn, Hampel et al. (2006) new social criteria are established, as described in the next sections.
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2.2.2 Method of Criteria Identification
Renn, Hampel et al. (2006) use a participatory multistep-approach for the identification of social sustainability criteria. They state that in order to distinguish desirable from non-desirable social actions the
values of societies affecting collective actions must be known. In order to achieve this, the inclusion of a
participatory analysis is identified as a possibility to “get closer to an intersubjective interpretation of
reality” (Renn, Hampel et al. 2006). By means of a review of social science literature Renn, Hampel et al.
(2006) justify the need for participatory methods and conclude that “social indicators cannot be derived
from an overarching functional societal theory because a consensual widely accepted theory does not
exist in the social sciences about basic societal functions”.
The identification of social criteria for an evaluation of energy systems in Renn, Hampel et al. (2006) is
based on findings of earlier studies, i.e. the participatory concept of social compatibility.6 This concept
consists of a well structured three-step procedure to enhance optimal contributions of stakeholders,
experts and citizens to improve decision making processes for sustainable development (Renn, Webler et
al. 1993).
For the identification of relevant social criteria and indicators, Renn, Hampel et al. (2006) in a first step
established a set of 1320 social criteria based on existing criteria available in publications of the last
twenty years. In a next step 148 criteria, which are relevant for energy systems, were isolated. These criteria had to fulfill the following four meta-criteria: Indicators
1.

are clear,

2.

are simple and logical,

3.

can be applied throughout Europe, and

4.

combine social and energy-system related aspects (Renn, Hampel et al. 2006).

In a last step only those criteria, which allow to differentiate between various energy technologies, which
can be applied to future technologies and which allow comparison on the level of countries rather than

6

The concept of social compatiblity was first developed connected to one of the early attempts in the field of energy indicators,
the Jülich Energy study (Renn, Stegelmann et al. 1984). In this study framework Keeney, Vonwinterfeldt et al. (1990) developed
the public value forum, a further important participatory MCDM approach.
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only on a regional level, were selected. Since as a result of this step only of a few criteria were left, additional criteria which where considered to be important, were newly introduced.7 The final set consists of
26 criteria, which correspond to the concept of social compatibility.

2.2.3 Criteria Set
The 26 identified criteria developed by Renn, Hampel et al. (2006) were allocated to the following four
main categories of the social compatibility concept, “Security/Reliability of Energy Provision”, “Political
Stability and Legitimacy”, “Social and Individual Risks” and “Quality of Life”. These criteria consider many
additional aspects compared to Hirschberg, Dones et al. (2004), as described in the following. The complete criteria set is presented in Annex B.
The first criteria category “Security/Reliability of Energy Provision” includes concerns about the continuity of energy service over time and flexibility and adaptability of energy systems. Not only the time span
for known reserves but also the “probability of the not- in- time availability of a complete waste management concept” and the “flexibility to incorporate new technological developments and breakthroughs” are taken into consideration. Also the second category “Political Stability and Legitimacy” considers systemic aspects, e.g. the “potential of energy system induced conflicts that may endanger the
cohesion of societies” and social input criteria like the public acceptance of power plants. The third category “Social and Individual Risks” includes, inter alia, psychometric variables (e.g. personal control, catastrophic potential and perceived equity) and subjectively expected consequences. The fourth category
“Quality of Life” contains further equity aspects, i.e. the “perception of the fairness of the distribution of
risks and benefits of the energy facility in the neighbouring communities”. Also effects on the quality of
the landscape area are considered in this category, which are subjective aesthetic impacts of inhabitants.8

7

This reduction to only three criteria and the subsequent extension with new criteria induces some questions about consistency
and comprehensibility of this multi-step approach.

8

In Hirschberg, Dones et al. (2004) only quantitative effects on land use are considered.
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The criteria set of Renn, Hampel et al. (2006) covers many sophisticated aspects of impacts of energy
technologies on society. But due to the general formulation of these criteria, the effective coverage of
social impacts strongly depends on the interpretation of these criteria.
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2.3 China Energy Technology Program (CETP)
Within the China Energy Technology Program (CETP) the PSI, the Massachusetts Institute of Technology
(MIT) together with numerous Chinese, Japanese and Swiss partners, have investigated how the future
electricity supply in China’s Shandong province could be made more sustainable. The CETP was sponsored and coordinated by ABB, realised in conjunction with the Alliance for Global Sustainability (AGS)
with participation of major Chinese stakeholders. CETP’s analysis framework is depicted in Figure 6. It
combines different methods to analyse energy systems of China’s Shandong province with the aim of
the identification of sustainable scenarios for the electricity sector.
The MIT provided the Electric Sector Simulation (ESS) team using a Scenario-Based Multi-Attribute Tradeoff Analysis approach to simulate various electric supply and end-use options for the Shandong Province.
PSI’s Nuclear Energy and Safety Research Department (NES) contributed to the CETP with LCA, IPA, EIA,
RA, PSA, external cost assessment and development of the CETP visualisation software. The General
Energy Technology Department (ENE) at PSI performed energy economy modelling. MIT’s trade-off
analysis method and the MCDM approach of CETP are described in the following.

Figure 6:

Analysis Framework of the China Energy Technology Program (CETP) (Hirschberg, Gantner
et al. 2002).
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2.3.1 Trade-off Analysis Method
Connors, Schenler et al. (2003) conducted a Scenario-Based Multi-Attribute Trade-off Analysis of Shandong province’s electric service options.9 The aim of this method is to identify robust strategies for the
electric sector by considering energy sector specific uncertainties and stakeholders’ concerns and interests. The method is described in the following.
First, superior strategies were identified. By combining different energy policy options various strategies
were developed and evaluated with respect to electric service costs and emissions (i.e. SO2, PM10 and
CO2), as shown in Figure 7. Along the trade-off frontier (green and red line in Figure 7) strategies for
which “there are no strategies that are lower in both cost and emissions” can be identified (Connors,
Schenler et al. 2003). These strategies were referred to as superior strategies and discussed with stakeholders to develop a second set of refined strategies by considering political and implementation related
factors.

Figure 7:

9

Trade-off Analysis to identify Superior Strategies (Connors, Schenler et al. 2003).

This method was developed at MIT’s Laboratory for Energy and the Environment by evaluating alternatives within the New
England electric policy debate (Andrews 1990). To date this method was already applied in previous AGS projects and in China,
Mexico and Europe to help regional multi-stakeholder groups to evaluate robust energy strategies.

22

Figure 8:

Comparing Futures to identify Robust Strategies (Connors, Schenler et al. 2003).

Second, individual uncertainties were combined into futures. Uncertainties of electricity demand (demand growth, changes in load shape and variability in demand), coal costs and quality as well as uncertainties on methane costs and availability were considered.
Third, scenarios were built by combining futures with strategies to identify robust strategies. A scenario
is a combination of one specific strategy with one unique future. The trade-off analysis was then used to
identify combinations of options which perform best within various futures and thus inform stakeholders about the entire option space, as depicted in Figure 8.
The combination of all strategies and futures leads to more than 16’000 unique scenarios which were
calculated and evaluated. For an analysis of individual scenarios the electric sector was modeled by a
power system simulator program which took “load growth uncertainties, power plant retirements and
preferences for new generation and chooses how many of each technology get built and when”
(Connors, Schenler et al. 2003).
The method of Scenario-Based Multi-Attribute Trade-off Analysis enables the comparison of a big number of energy system options and helped to identify 12 strategies which are superior in respect of electric
service costs and emissions and robust in respect of sector specific uncertainties. But the considered
uncertainties are limited to energy sector specific aspects. In particular, future changes in energy demand are only considered in quantitative changes of electricity demand and, e.g., possible changes in
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energy system structure and society, technological innovations and a further establishment of renewable energy are not taken into account. The identified strategies are only superior in respect of costs and
emissions as the only criteria. Further criteria are not included in this evaluation or are only indirectly
considered in the discussion with stakeholders. By means of an iterative approach and the review of the
scenarios by stakeholders certain strategies were excluded from further analysis. Finally, 12 strategies
were selected for further analysis in the CETP, i.e. LCA, EIA and MCDM. The evaluation of these strategies
with a MCDM method is described in the following.

2.3.2 MCDM
In Haldi and Pictet (2003) the partial-aggregation MCDM approach “Electre III” – an outranking method –
was applied to further evaluate the 12 strategies established in Connors, Schenler et al. (2003). With the
help of a stakeholder advisory group 11 criteria were selected and, subsequently, weighted. Electre III
generates a ranking of selected actions considering all criteria, following a two-step procedure: “In the
first step, the potential actions are compared by pairs to evaluate the type of relationship that links
them” and “in the second step, these relationships are analyzed to generate the desired results” (Haldi
and Pictet 2003). In that way all 12 scenarios built before were evaluated by determining the performance
of the scenarios in relation to the 11 criteria.
These 11 criteria – consisting of 13 indicators – are allocated to four classes: an economy class, a health
and environment class, a society class and a technology class. The economy class includes three and the
health and environment class six criteria whereas the society and the technology class consist of only
one criterion each category. Economy criteria measure costs and investments related to electric sector
strategies. Health and environment criteria are developed by PSI, based on LCA, EIA and PSA and include
direct and measurable impacts, i.e. global warming, public health impacts, potential health impacts due
to severe accidents, resource consumption, wastes and land use. The criterion of the society class measures the impact of energy technologies on employment. The technology class criterion includes the maturity of technology into the evaluation method. Haldi and Pictet 2003 include a broader spectrum of
criteria than Connors, Schenler et al. (2003) in the CETP. But also Haldi and Pictet (2003) focus on a few,
easily measurable economic and environmental criteria.
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3 Detailed Description of Three Energy Chains

In this chapter the whole energy chains of nuclear, biofuel and photovoltaic energy are described in detail. The examination of these three energy chains is done with a life-cycle perspective implying the
whole natural and social science system, as stated in the introduction of this thesis.10 The aim of this
description is to identify as many relevant aspects of these three representative energy chains as possible, in order to facilitate the discussion on how far they are considered by current energy system assessments (following in section 4.2).
In order to simplify the investigation of whole energy chains, first of all, a general structure for energy
systems is presented. In Figure 9 the basic components of the energy sector identified by Aldridge, Marks
et al. (2006) are depicted. This figure, which is dividing the energy sector into three general phases, has
to be read from right to left: “Energy Resources” on the right side and “Energy Services” on the left side
are connected by “Energy Infrastructures”. Energy Infrastructures include the transformation of energy
resources into fuel and electric power and the subsequent transmission, storage and delivery in order to
satisfy society’s needs for energy services.
Figure 9 does not show all relevant system components. If the aim is to describe the complete energy
system, behind every term many important aspects must be identified as every term is connected to
other systems and subsystems which are again connected with each other. If, for example, the nuclear
chain is examined in more detail, it must be explored what system relations lie behind the term “nuclear” as an energy resource. All inputs (e.g. natural resources, costs, etc.) and outputs (e.g. emissions,

10

It is needless to say that this system description will neither be complete nor absolutely objective, as any investigation of energy
chains always will be influenced by values and culture. The influence of culture and values is discussed in section 4.1.1.
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waste, risks, energy, etc.) of an energy chain in relation to environment and society must be considered.
Impacts on human beings and society are either direct (e.g. severe accidents, effects on health, etc.) or
indirect (through effects on the quality of environment and the damage of its services for society). For
the identification and comparison of inputs and outputs of energy chains all relations of the complete
life cycle have to be taken into account. In order to facilitate the consideration of the mentioned system
relations, all data need to base on a LCA approach.
In the following, the nuclear, biofuel and photovoltaic energy chain are presented in detail. Relevant
ecological, economic and social aspects of the whole energy chain are identified. Furthermore, it is distinguished whether aspects are understood as inputs or outputs in relation to environment and society.
In the end of each section all identified aspects are summed up in a table. Energy chain specific aspects
of the three phases Energy Resources, Energy Infrastructures and Energy Services are considered, as presented above. But a focus is set on the transformation processes of energy since energy chains differ less
in transmission, storage and delivery.

Figure 9:
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Basic Components of the Energy Sector (Aldridge, Marks et al. 2006).

3.1 Nuclear Energy
In this section the nuclear energy chain is presented. The nuclear fuel cycle is divided into eight stages, as
depicted in Figure 10. These stages are: Mining, uranium milling, conversion to UF6, enrichment, fuel
fabrication, energy conversion in the reactor, reprocessing and waste treatment and disposal. The exact
chain can vary depending on the technologies used.11
Generally, there are different kinds of fuel cycles, depending on the fraction of recycled nuclear fuel. If no
reprocessing takes place, the cycle is named “once through” (Hirschberg 2005b). In the following, these
seven stages are described together with relevant ecological, economic and social aspects. Afterwards,
the identified aspects are summarised and listed in Table 2.

Figure 10:

3.1.1

The Nuclear Fuel Cycle (WNA 2007a).

Mining

Uranium deposits can be reached by open pit mining and by underground mining, depending on the
depth of the deposit. Uranium will be mined where the concentration of uranium in the ground is sufficiently high that extraction is economically feasible. Generally, the surface disturbance of open pit mines

11

The four generations of nuclear reactors are described in Hirschberg ( 2005b) and in Schurig (2006).
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is higher and more material must be removed to access the uranium ore. In some cases in situ leaching
(ISL) is applied by circulating oxygenated groundwater through porous ore body to dissolve the ore and
bring it to the surface. ISL can be with “slightly acid or with alkaline solution to keep the uranium in solution” (WNA 2007a). Underground mines in some cases require increased ventilation to protect employees against airborne radiation exposure. Main identified consequences of nuclear mining include emissions12, changes in land use, change of the characteristic landscape, costs and labour. Milled uranium ore
is transported to milling facilities.
Estimates of quality and availability of uranium ore vary significantly (Grunwald and Hocke 2006; Porritt
2006; Traube 2006). Energy required for mining, the connected amount of greenhouse gas emissions
and also costs of mining depend on these estimates (Mobbs 2005). The availability of uranium and the
time nuclear energy can be used strongly depend on further developments of nuclear energy technology
(i.e. fast breeders) and the way nuclear resources are used (Mobbs 2005; Traube 2006; Morris, Kranowitz
et al. 2007).

3.1.2 Uranium Milling
At this stage uranium is extracted from the ore, dried, heated and packed in 200-litre drums as uranium
oxide concentrate (U2O8). Uranium oxide is also referred to as “yellow cake” and contains more than 80%
uranium (WNA 2007a). The ore is first crushed and afterwards the uranium is extracted by leaching,
using either a strong acid or alkaline solution. The remainder of the ore contains radioactive material13,
nearly all the rock material, heavy metals and other toxic materials (WNA 2007a). These tailings are deposited in engineered facilities near the mine and isolated from the environment. Furthermore, uranium
milling and tailings deposition provide employment and cause emissions, changes in land use, risk of
radioactive exposure to workers, costs, energy consumption and change in characteristic landscape.

12

In this report the term “emissions” stands for noise and all relevant air emissions at this stage, such as greenhouse gases, NO2,
SO2, particulate matter, etc.

13

“The total quantity of radioactive elements is less than in the original ore, and their collective radioactivity will be much shorterlived” (WNA 2007a). Just the same, the radioactive material is removed from the natural context and has to be treated adequately.
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3.1.3 Conversion to UF6
For most types of reactors enrichment of the uranium is needed. As the process of enrichment needs the
uranium to be in gaseous form, uranium oxide needs to be converted. Therefore, uranium oxide is refined to uranium dioxide and afterwards converted to uranium hexafluoride (UF6) by using hydrogen
fluoride (WNA 2007a). This step also provides employment and causes emissions, risk of radioactive exposure to workers, energy consumption and costs.

3.1.4 Enrichment
Natural uranium consists of a mixture of isotopes: Uranium 235 (U-235, ~0.7%) and Uranium 238 (U-238,
the remainder). For most kinds of nuclear reactors higher than natural concentrations, i.e. 3.5-5%, of the
fissile U-235 are required (WNA 2007a). Therefore, gaseous uranium hexafluoride is separated into two
streams by two general enrichment processes: gaseous diffusion and gas centrifuge. One stream is enriched to the required level of U-235 concentration and the other is degraded in U-238, named “depleted
uranium” (WNA 2007a). The deposit of depleted uranium can change the characteristic landscape. Even
though U-238 is not fissile, it is a “low specific activity radioactive material” which has to be taken in
storage or disposal (WNA 2007a). The enriched UF6 is reconverted into uranium oxide.
As mentioned above, the energy balance of nuclear material depends on the quality of uranium ore. If U235 is mined in lower concentrations, more energy is needed for enrichment. Enrichment is the most
energy intensive process of the nuclear chain (Dones, Heck et al. 2005). The amount of greenhouse gas
emissions depends on the grid factor, the measure of CO2 emissions per unit of produced energy. However, Mudd and Diesendorf (2007) criticise current investigations on energy consumption of uranium
enrichment and mining. By collecting information about the energy consumption of mining, processing
of uranium and linked upstream processes they identify variations and uncertainties and postulate the
requirement for a more exact identification of all related processes.
In general, the enrichment technology for a peaceful use of nuclear energy and the construction of nuclear weapons are the same (Traube 2006; Morris, Kranowitz et al. 2007). This fact brings along security
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problems and is the reason for political conflicts.14 In addition, enrichment causes emissions, risk of radioactive exposure to workers and costs and provides employment.

3.1.5 Fuel Fabrication, Transportation and Storage
At this stage uranium oxide is made ready for its introduction into the reactor. It is pressed and sintered
at high temperatures into the form of ceramic pellets. These pellets are encased in metal tubes, named
“fuel rods” (WNA 2007a). The main consequences of fuel fabrication are emissions, labour, risk of radioactive exposure to workers, costs and energy consumption.
If the production of nuclear energy takes place in countries without own uranium resources, fuel rods
have to be imported from other countries and transported to the reactor. The size of fuel rods in relation
to the energy contained is small and, hence, the needed storage space is accordingly small too. Therefore,
it is possible to stock fuel rods and to buy nuclear fuel ahead for some years.

3.1.6 Energy Conversion in the Reactor
In nuclear reactors nuclei of U-235 atoms are split into lighter atoms. By the splitting process energy is
released. This energy heats water and turns it into steam which is used to drive a turbine connected to a
generator to produce electricity. “Some of the U-238 in the fuel is turned into plutonium in the reactor
core. The main plutonium isotope is also fissile and it yields about one third of the energy in a typical
nuclear reactor” (WNA 2007a). The net efficiency of nuclear reactors is about 32% (Hirschberg and Dones
2005). The low efficiency of nuclear energy conversion might be an important aspect of energy systems
comparison, in particular in connection with the (low) suitability for cogeneration, as discussed below.
“Two thirds of the heat is dumped, either to a large volume of water (from the sea or large river, heating
it a few degrees) or to a relatively smaller volume of water in cooling towers, using evaporative cooling”
(WNA 2007a). The release of warm water back into a lake or a river influences the local bio- and hydrosphere.

14
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More about the proliferation risk of nuclear energy can be found in section 3.1.6.

“With time, the concentration of fission fragments and heavy elements formed in the same way as plutonium in a fuel bundle will increase to the point where it is no longer practical to continue to use the
fuel” (WNA 2007a). The used fuel is then removed from the reactor and stored in a storage pond alongside the reactor as the fuel rods are still emitting radiation and heat. Used nuclear fuel contains about
95% U-238, 1% U-235 (not fissioned), 1% plutonium and 3% fission products (highly radioactive). Subsequently, used fuel is either reprocessed for the reuse of the still available U-235 or directly taken to the
next stage of waste treatment and disposal.
The amount of radiation discharged through the operation of reactors is very small (Porritt 2006). Emissions of nuclear power plants are small too whereas plants, in particular the big cooling towers change
the characteristic landscape. Nuclear power plants provide employment and tax revenues. The construction time and the investment costs for new nuclear power plants are relatively high whereas operating
costs are very low (Porritt 2006; Morris, Kranowitz et al. 2007). The decommissioning of nuclear power
plants causes nuclear waste, emissions and costs and creates employment.

Nuclear Energy and Climate Change
Currently, direct greenhouse gas emissions of nuclear energy systems are low (Dones, Heck et al. 2005;
Hirschberg 2005b; Porritt 2006). But there are some other facets which should be considered in the discussion about nuclear energy and climate change, as stated in the following.
Climate change needs to be tackled quickly but implementation of nuclear energy facilities takes long
due to (i) long construction times and (ii) the expected public dispute of this controversial issue (Porritt
2006). These aspects reduce the flexibility of nuclear energy. Furthermore, nuclear technology takes
large quantities of money and political resources as well as significant shares of research and development. Hence, nuclear energy causes high opportunity costs which are not availabe for research and development of other and new technologies to mitigate climate change (Porritt 2006). In addition, climate
change will have impacts on the water cycle and, hence, can cause larger variability in the water level of
rivers, wherefrom water is used for cooling nuclear power plants. The scarcity of cooling water constrains
the operation of nuclear energy plants.
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Decentralisation and Cogeneration
Many authors claim that a future decentralised energy system should be characterised by a maximum of
flexibility and diversity (Douglas and Wildavsky 1983; Meyer-Abich, Schefold et al. 1986; Porritt 2006;
Thomas, Fischedick et al. 2007). It can be argued that nuclear energy plants strengthen the current centralised energy system and electrical grid structure and, hence, retard such general system changes
(Meyer-Abich, Schefold et al. 1986; Porritt 2006; Traube 2006). Similarly, cogeneration of power and heat
is much-lauded as a good chance to increase energy efficiency and thus to save resources (Thomas,
Fischedick et al. 2007). Since nuclear energy plants are mostly placed in scarcely populated areas their
suitability for cogeneration is limited because of lacking heat consumers nearby.

Nuclear Accidents
The maximal potential damage of nuclear accidents is very large whereas the probability of such accidents is small (Hirschberg, Burgherr et al. 2004). Costs for society can be several hundreds of billions of
Swiss francs (Schneider and Zweifel 2002; Thomas, Fischedick et al. 2007) and nuclear reactor accidents
are one of the most feared issues of society (Slovic 1987). Today insurances do not cover these large financial risks or just a small share of it (e.g. 300 million Swiss francs in Switzerland). The Swiss government covers another billion per nuclear power plant (SwissGovernment 1983). The remaining risk is not
assured and would have to be paid by the government and, thus, by the society in case of a severe nuclear accident and can be interpreted as a substantial public subsidy of nuclear energy (Porritt 2006;
Thomas, Fischedick et al. 2007). In the case of nuclear energy the principle that the party responsible for a
damage is liable for it (costs-by-cause principle) cannot be satisfied. However, even full assurance coverage would not be able to account for the somatic and psychological distress and the long-term radioactive contamination and destruction of land and infrastructure. The high potential damage of nuclear
accidents brings along the risk of a public demand for a fast moratorium of nuclear power plants in the
case such an accident occurs (Schurig 2006). This could lead to energy supply gaps.
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Nuclear Material and its Military Capability
As mentioned above, civil use of nuclear technology is linked to security issues and political conflicts, as it
is “impossible to guarantee, over time, that any civil nuclear program will not be developed into a military capability” (Porritt 2006). Recently, this was observable in North Korea and Iran and the fear of the
presence of nuclear weapons or so called “dirty bombs” was also relevant in connection with the attack
on Iraq (Sailer 2004; Porritt 2006; Beck 2007). Another example is India and Pakistan. Both countries
acquired the knowledge of nuclear technology, first for the civil use and subsequently for the construction of fission bombs (Sailer 2004).

Nuclear Energy in the Global Context
Today, most nuclear power plants are located within the industrialised countries and hardly in developing countries (Traube 2006; Morris, Kranowitz et al. 2007). But energy demand in developing countries
rapidly increases and in particular to reduce greenhouse gas emissions alternatives to fossil energy are
required. By considering the fears mentioned above, the variation of safety cultures among countries,
and the current intelligence of terrorist groups the adequacy of nuclear energy to satisfy the future
global energy demand must be questioned (Meyer-Abich, Schefold et al. 1986; Porritt 2006; Morris,
Kranowitz et al. 2007). In any case, the global application of nuclear energy already needs a strict international record and control of uranium fluxes (Morris, Kranowitz et al. 2007). The expansion of nuclear
energy would probably also lead to an extension of these control systems. Meyer-Abich, Schefold et al.
(1986) fear that only an authoritarian state would be able to completely control the global application of
uranium and to care for security.
These considerations are linked to the question of how far the development of nuclear technology is
suited for export and to the responsibility of industrialised countries to develop and promote appropriate
alternatives for fossil energy (technology transfer). With regard to climate change even more global and
regional conflicts can be expected (Sailer 2004; Beck 2007). A further aspect which should be discussed in
this context is the distribution of nuclear income to society, i.e. who and what classes of population
profit from the nuclear energy chain, in comparison to other energy systems.
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3.1.7 Reprocessing
Within the reprocessing stage used fuel is separated into uranium, plutonium and waste. In course of
this process uranium and plutonium are recycled into fresh fuel and, thus, the amount of waste is reduced. Whereas uranium from reprocessing can be reused as fuel after conversion and enrichment, plutonium can directly be used in mixed oxide fuels (MOX), in which uranium and plutonium oxides are
combined (WNA 2007a). Reprocessing causes costs, energy-consumption, emissions, land use, and risk of
radioactive exposure to workers and provides employment. Radioactive waste is transported to interim
storage facilities for waste treatment and disposal and recycled fuel to nuclear reactors for further energy production.

3.1.8 Waste Treatment and Disposal
Radioactive waste is categorised as high-, intermediate- and low-level waste. Low-level waste (LLW)
comprises about 90% of the volume but only 1% of the radioactivity of all radioactive waste. Intermediate-level waste (ILW) represents 7% of the volume and 4% of the radioactivity of all radioactive waste.
The remainder, high-level waste (HLW), is highly radioactive and hot and therefore needs cooling and
shielding (WNA 2007b). HLW consists of long-lived and short-lived radioactive portions.
Radioactive waste requires a significantly more sophisticated treatment compared to other wastes
stemming form energy conversion processes. This is mainly due to its radioactivity and the needed longterm inspection. Today HLW is stored in interim storage facilities and there are no final or long-term
disposal facilities for HLW built yet.15 Even though there are promising initiatives of building such facilities in Finland, Sweden and USA, in many countries severe social and political conflicts delay construction. The acceptability of radioactive waste repositories is very low and the search for long-term storage
facilities is difficult as nobody wants the radioactive waste to be stored close to himself (Grunwald and
Hocke 2006). This is a classical example for the “NIMBY” (Not In My Backyard) phenomenon.

15

“To date there has been no practical need for final HLW repositories, as surface storage for 40-50 years is first required so that
heat and radioactivity can decay to levels which make handling and storage easier” (WNA 2007b).
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However, there is largely consensus on the following aspects: (i) An ultimate disposal place is required,
(ii) a disposal place should be found as fast as possible, (iii) each nation should find its own facility, and
(iv) the ultimate disposal facility should be placed in a deep geological deposit (Grunwald and Hocke
2006). Other aspects are more disputed such as: (i) How long an ultimate disposal place should be monitored, (ii) how much radioactive waste should be stored in one disposal facility, and (iii) how many facilities should be built. Moreover, it is unexplained what process allows increasing the acceptability of society and how society should be integrated into the finding process.
Radioactive waste disposal facilities offer new jobs and bring tax revenues for the region in which such a
facility is placed. On the other hand, such a facility has impacts on the local infrastructure (route of
transport, buildings) and transport causes emissions. Furthermore, land use, drilling impacts on groundwater, risk of radioactive contamination, psychological stress caused by the awareness of the presence of
radioactive waste by the local society and (positive and negative) impacts on local economy have to be
considered. Land use change has to be treated with care as the land is used for a longer time than in any
other cases and future impacts can not be known definitely (Gagnon, Belanger et al. 2002). Moreover,
waste treatment and disposal causes energy consumption, costs, emissions and risk of radioactive exposure to workers.
Another, more ethical aspect is the transfer of responsibility for radioactive waste to future generations
which will not have taken profit out of nuclear energy and cannot be included in the decision process
about the use of nuclear energy and about the treatment of radioactive waste. In order to finance the
decommissioning of disused nuclear power plants and the disposal of radioactive waste, many countries
augment funds. Some authors question the adequacy of the size of these funds and refer to uncertainties and problems in estimating the costs for decommissioning and waste treatment (Porritt 2006).

3.1.9 Energy Services
The electricity of nuclear power plants is transported to consumers via power supply lines. Globally, nuclear energy accounts for about 16% of electricity and about 3% of total final energy consumption
(Traube 2006). On the one hand nuclear power plants guarantee for constant electricity supply whereas
on the other hand they cannot respond to short-term changes in energy demand.

35

3.1.10 Summary of identified Aspects related to the Nuclear Energy Chain
In order to evaluate nuclear energy a large number of aspects have to be considered, including the complex technology and its vantages and risks as well as basic questions about the (desired) fundamental
structure of society and questions of equity. In Table 2 the social, economic and environmental aspects
identified above are listed and for each aspect it is quoted in which phases the aspect is relevant.

Relevant Aspects of the Nuclear Energy Chain and the Most Relevant Phases of each Aspect.

Energy Services

Reprocessing

Waste Treatment and Disposal

Energy Conversion in the Reactor

Relevant Energy Chain Phases
Enrichment

Output
Fuel Fabrication

Input /

Dimension

Conversion to SF6

Sustainability

Mining

Aspect Name

Uranium Milling

Table 2:

Costs of severe nuclear accidents

Economic

Input

Development of nuclear energy technology

Economic

Input

x

x

Energy consumption

Economic

Input

x x x x x x x x x

Investment costs

Economic

Input

x x x x x x x x x

x

x x x

Operating costs

Economic

Input

x x x x x x x x x

Adequacy of nuclear energy to satisfy future global energy demand

Economic

Output

x

Compatibility with renewable energy, energy-saving and efficiency efforts

Economic

Output

x

Contribution of income to gross domestic product

Economic

Output

x

Contribution to energy supply

Economic

Output

x

Distribution of income to society

Economic

Output

x

x

x x x x
x
x

Economic profitability and pay-back time

Economic

Output

Insurance coverage of severe nuclear accidents

Economic

Output

Net efficiency and energy balance

Economic

Output

x x x x x x x x x

Opportunity costs

Economic

Output

x x x x x x x x x

Suitability of nuclear energy for cogeneration

Economic

Output

x

x

Suitability of nuclear energy for decentralised energy production

Economic

Output

x

x

Suitability of nuclear technology for technology transfer to developing countries

Economic

Output

Suitability of nuclear technology for the export industry

Economic

Output

Transports

Economic

Output

Consumption of acid and alkaline solutions

Environmental Input

Consumption of hydrogen fluoride

Environmental Input

x x x x x x x x x
x

x

x x x
x

x x x x x x x x x
x x
x

Land use

Environmental Input

x x x x x x x x x

Long-term availability of uranium

Environmental Input

x

x x

Water consumption

Environmental Input

x x

x

Change of the characteristic landscape

Environmental Output

x x

x

x x x x

Climate change mitigation potential

Environmental Output

x

Emissions

Environmental Output

x x x x x x x x x

Impact on land and biosphere of severe nuclear accidents

Environmental Output

Local and regional impacts of radioactive waste disposal facilities

Environmental Output
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x

x

x
x

Continuation of Table 2:

Energy Services

Reprocessing

Waste Treatment and Disposal

Energy Conversion in the Reactor

Enrichment

Relevant Energy Chain Phases
Fuel Fabrication

Output
Conversion to SF6

Input /

Dimension

Mining

Sustainability

Uranium Milling

Aspect Name

Non-radioactive tailings

Environmental Output

x x x x x x x x x

Radioactive releases to environment

Environmental Output

x x x x x x x x

Radioactive tailings

Environmental Output

x x

Release of warm water to the bio- and hydrosphere

Environmental Output

Sensitivity to climate change

Environmental Output

Acceptability of nuclear power plants by society

Social

x

x
x

x

x

Input

x x

x

Acceptability of radioactive waste disposal facilities

Social

Input

x

Availability of radioactive waste disposal facilities

Social

Input

x

Consensus on how to develop radioactive waste disposal facilities

Social

Input

Ability to react to changing requirements and technological innovations

Social

Output

Current average fatalities per amount of energy

Social

Output

x x x x x x x x x

Employment

Social

Output

x x x x x x x x x

Fatalities of potential severe nuclear accidents

Social

Output

Impact of severe nuclear accidents on infrastructure

Social

Output

Military capability of nuclear technology

Social

Output

Probability of severe nuclear accidents

Social

Output

x

Psychological impact of severe nuclear accidents

Social

Output

x

x
x

x x

x
x
x x x x x x x

Public dispute

Social

Output

x

Risk of radioactive exposure of workers

Social

Output

x x x x x x x x

x

x x x

Time of radioactive waste storage

Social

Output

x

Transfer of responsibility for radioactive waste to future generations

Social

Output

x

37

3.2 Biofuel Energy
Recently, biofuel energy became an important issue of energy politics, in particular, due to the supposed
potential of biofuels to replace fossil fuels. Furthermore, many experts hope to achieve greenhouse gas
reductions through increased use of biofuels. In this section the energy chain of biofuels and connected
social, economic and environmental aspects are discussed.
In general, there are three types of biofuels which are used as fuel in vehicles: bioethanol, biodiesel and
biogas. These three biofuel-types can be produced out of many different crops, e.g. sugar cane, corn,
rapeseed, palm oil, soy and many more, by using their sugar and starch compounds (bioethanol), using
oils and fats (biodiesel) or by fermentation of biomass (biogas). Often, these types are referred to as the
First Generation of biofuels. The Second Generation is under development and comprises many new conversion technologies which allow the usage of cellulose and lignin which constitute the main components of most plants. The potential of second generation biofuels is estimated to be very big (Fulton,
Howes et al. 2004).
The presentation of all types of biofuels and the connected production and conversion technologies
would exceed the scope of this thesis. As the aim is to identify relevant aspects connected to this energy
chain, it seems adequate to choose one biofuel chain as an example and to describe it in detail. The following case is identified as suitable for this analysis: The production of bioethanol out of sugar cane in
Brazil and the subsequent transport of the ethanol to an European country where it is used as vehicle
fuel. In the following, this energy chain is presented in detail by describing the phases cultivation, conversion, transport and consumption on a LCA basis. Cultivation, conversion and transport are part of the
above presented phases Energy Resources and Energy Infrastructure whereas consumption belongs to
the phase Energy Services. For each phase, firstly, the relevant technological processes are described and,
subsequently, relevant social, economic and environmental aspects are identified. The findings are
summarised at the end of this section.

38

3.2.1 Cultivation
For the cultivation of sugar cane (saccharum officinarum) a tropical or a subtropical climate is required.
This is the case in Brazil which is the biggest sugar cane producer as well as exporter of sugar cane in the
world. The Brazilian production of sugar cane ethanol is concentrated in the centre-south region of the
state of São Paulo (Mastny 2006). Sugar cane is propagated from cuttings and 80% are harvested by
hand (Noronha 2006). Sugar cane fields are first burned just before the harvest in order to fertilise the
fields with ash and to remove the leaves of the plants in order to ease the harvest. (Zah, Böni et al. 2007).
The sugar cane stalks and roots remain unharmed by the burning process. Harvesters cut the stalks just
above the ground with knives. The smoke of burning sugar cane leaves impacts the environment and the
workers. The upcoming mechanical harvest avoids these impacts and leads to a higher productivity, but
replaces human labour and thus abolishes job opportunities.16
The usage of fertilisers and pesticides can lead to soil degradation and disturbs the ecosystem and the
local biodiversity. The application of fertilisers can also lead to greenhouse gas emissions on the field
and, moreover, energy usage and greenhouse gas emissions occurring during the production of fertilisers
are high. The intensive use of agrotoxics and other agrochemicals affects the health of farmers and,
depending on local conditions, impacts on water consumption and nutrient depletion can be noticed
(Smeets 2006). Furthermore, some experts argue that the establishment of biofuels pushes the application of genetically modified organisms (GMO) for improving production rates.
The rate of energy production per area of ethanol out of Brazilian sugar cane is quite high relative to
other energy crops (Fulton, Howes et al. 2004). The absolute land use of sugar cane production in Brazil is
high and comprises a considerable share of the Brazilian agricultural area (Noronha 2006). Sugar cane
production can stand in competition with other forms of land use like the cultivation of food crops leading to increased famine in Brazil (Cortesi 2007a). The cultivation of sugar cane does not directly lead to
deforestation in the Amazon region as sugar cane can not be cultivated there. But crowding-out effects
have to be considered (Smeets 2006): The replacement of, e.g., soy cultivations by sugar cane in the state

16

Even though the quality of these jobs must be challenged (see below), for many workers it is the only job opportunity as unemployment rates in Brazil are very high.
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of São Paulo can still push the deforestation in the Amazon region because soy can be cultivated here
instead. Therefore, sugar cane cultivation can spoil nature protection areas and boost illegal deforestation.
The labour situation and the living condition of people working on sugar cane plantations are poor
(Mastny 2006; Noronha 2006; Smeets 2006; Cortesi 2007a). The work of harvesters is hard, working days
are long and workers mostly only find temporary employment as cane cutters. In some cases workers are
even treated like slaves (Noronha 2006). In general, monoculture hardly creates jobs and can push rural
and urban poverty. Furthermore, plantations can lead to repressions or even to the expulsion of peasants
from their land and thus generate rural conflicts (Noronha 2006). On the contrary, some authors argue
that plantation of biofuels bring new perspective for farmers in developing countries (Fulton, Howes et
al. 2004).

3.2.2 Conversion
The production of ethanol out of sugar cane is the least complicated way to produce ethanol as the biomass contains six-carbon sugars which can be fermented directly to ethanol (Fulton, Howes et al. 2004).
First, the sugar cane crop is processed to remove the sugar through crushing, soaking or chemical treatment. Afterwards, the sugar is fermented to alcohol using yeasts. Then, the ethanol is distilled to the
desired concentration and contained water is removed (Fulton, Howes et al. 2004). The crushed stalk of
the plant (called bagasse), which consists of cellulose and lignin, can be used as process energy. The usage of bagasse reduces the consumption of fossil energy and thus enhances the greenhouse gas balance.
The disposal of cinhace (sugar cane industry liquid waste) in soil and rivers has, on the other hand, negative impacts on the environment.
The conversion process requires energy and causes emissions of greenhouse gases and other harmful
gases. In comparison to other biofuels the energy balance of Brazilian sugar cane ethanol is one of the
best and the amount of greenhouse gas emissions per energy unit as well as the production costs are
very low (Fulton, Howes et al. 2004; Mastny 2006; Zah, Böni et al. 2007).
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3.2.3 Transport
Biofuels are shipped from Brazil to European countries. The greenhouse gas emissions of the transport of
biofuels from their production countries to the location of consumption (e.g. in European countries) are
minor in comparison with the emissions occurring in the production stage (Zah, Böni et al. 2007).
Unlike nuclear energy technology, biofuel production technologies are suitable for the transfer of knowhow from industrialised countries to developing countries and between developing countries, for example, from Brazil to other South American countries with less experiences in producing bioethanol from
sugar cane.

3.2.4 Consumption
Bioethanol is used in vehicles as transport fuel. Petroleum fuels can be blended with bioethanol (e.g. 10%
bioethanol, 90% petroleum fuel) or bioethanol is consumed unmixed in its pure form. The use of pure
bioethanol or mixtures with a bioethanol-fraction of more than 10% need modifications of car engines
(Cortesi 2007a).
The consumption of biofuels does not cause any greenhouse gas emissions as the carbon-components of
bioethanol come from the sugar cane plant and are considered to be balanced. All greenhouse gas emissions which occur through the consumption of bioethanol are indirect and come from upstream processes. On the other hand, the consumption of biofuels in car engines for the purpose of transport is very
inefficient compared to the usage of biofuels for energy or heat generation (Cortesi 2007a). However, it
has to be noted that the inefficiency of car engines does not depend on the type of fuel but on the construction of the car engines themselves.
In the year 2006 the share of biofuels in the global transport fuel consumption was about 1% (IEA 2006).
According to the International Energy Agency (IEA) between 2050 and 2100 more than one third of the
global transport fuel consumption could be covered by biofuels (Fulton, Howes et al. 2004). But as the
cultivation of energy crops stands in competition with other land uses (i.e. food production) and as the
totally available area for cultivation is limited, it is very uncertain which share energy crops will attain.
The IEA Reference Scenario 2030 predicts a share of 4%, the IEA Alternative Scenario 2030 a share of 7%
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(IEA 2006). Hence, uncertainties about the future development of biofuels must be recognised and it is
difficult to determine the potential of biofuels to substitute petroleum fuels.
There are also uncertainties about the market demand for and supply of biofuels in Europa. The available
estimates vary considerably (Cortesi 2007b). The development of market demand and supply, inter alia,
depend on political decisions about reduction of petroleum taxes and subsidies.
However, in general, biofuels can help to increase the energy security and the diversification of energy
production for many nations (Fulton, Howes et al. 2004). On the other hand, the promotion of biofuels
might lead to a delay in efforts to increase energy efficiency of vehicles. Moreover, an increased consumption of biofuels in European countries could lead to a reduced availability of biofuels in Brazil, with
the consequence that the consumption of petroleum fuels in Brazil might increase and thus, on the bottom line, the consumption of fossil fuels and consequently also the emission of greenhouse gases are
not reduced at all.

3.2.5 Summary of identified Aspects related to the Biofuel Energy Chain
In Table 3 the above mentioned social, economic and environmental aspects are listed. In addition to the
aspects already mentioned in every phase the aspects waste management, emissions, investment and
operating costs, change of characteristic landscape, employment, sensitivity to climate change, contribution of biofuels income to gross domestic product, distribution of income to society as well as current
average fatalities per amount of energy are relevant and have to be considered. For each aspect it is
quoted in which phases the aspect is relevant.

42

Table 3:

Relevant Aspects of the Biofuel Energy Chain and the Most Relevant Phases of each Aspect.
Sustainability

Input /

Dimension

Output Chain Phases

Application of agrochemicals

Economic

Input

Chemical treatment of sugar cane crops

Economic

Input

Dependence on development of prices for fossil energy

Economic

Input

x

x

Development of biofuels technology

Economic

Input

x

x

Energy consumption

Economic

Input

x

x

x

Fertiliser application

Economic

Input

x

Future market demand and supply

Economic

Input

x

x

x

x

Investment costs

Economic

Input

x

x

x

x

Operating costs

Economic

Input

x

x

x

x

Compatibility with renewable energy, energy-saving and efficiency

Economic

Output

Contribution of income to gross domestic product

Economic

Output

Contribution to energy supply

Economic

Output

Distribution of income to society

Economic

Output

Diversification of energy production and increase of energy security

Economic

Output

x

Necessary car engine modifications

Economic

Output

x

Net efficiency and energy balance

Economic

Output

Potential of biofuels to substitute petroleum fuels

Economic

Output

Suitability of biofuels technology for technology transfer to developing

Economic

Output

Economic

Output

Transport

Consumption

Conversion

Relevant Energy
Cultivation

Aspect Name

x

x

x
x

x

x

efforts
x

x

x
x

x

x

x

x

x

x

x

x
x

x

x

x

x

countries
Usage of biomass as vehicle fuel versus usage for electricity or heat

x

x

production
Land use

Environmental Input

x

x

Water consumption

Environmental Input

x

x

Change of the characteristic landscape

Environmental Output

x

x

Climate change mitigation potential

Environmental Output

Crowding-out effects and incentives for illegal deforestation

Environmental Output

Disposal of cinhace

Environmental Output

Emissions

Environmental Output

x

x

Impacts on ecosystem and local biodiversity

Environmental Output

x

x

Impacts on nature protection areas

Environmental Output

x

Incentives for GMO application

Environmental Output

x

Sensitivity to climate change

Environmental Output

x

Soil degradation and nutrient depletion

Environmental Output

x

Waste management

Environmental Output

x

x

x
x
x
x

x

x

x

x

x

x

x
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Continuation of Table 3:
Relevant Energy

Output Chain Phases

Social

Input

Competition with food crops

Social

Output

x

Current average fatalities per amount of energy

Social

Output

Employment

Social

Labour situation and living condition of harvesters
Rural conflicts versus new perspectives for farmers in developing

Dependence on political decisions, e.g. research investments, tax

Consumption

Dimension

Transport

Input /

Conversion

Sustainability

Cultivation

Aspect Name

x

x

x

x

x

x

x

x

Output

x

x

x

Social

Output

x

Social

Output

x

reductions and subsidies

countries
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x

3.3 Photovoltaic Energy
Photovoltaic is a technology which uses solar cells to convert light energy into electrical energy. The
physical effect of this technology is based on the ability of photons (light) to separate charge carriers in
semi-conducting materials like silicon. By transfer of the photons’ energy negatively charged electrons
become separated from their atoms and leave positively “charged” holes. The separation of negative and
positive charge carriers within the solar cell results in a voltage that can directly be used for current, or
power, production.
The fraction of energy which can theoretically be transformed into mechanical or electrical energy is
called exergy. In case of solar energy this is with 94.8% very high. However, power production in solar
cells is limited by the effectiveness of the cells, which increased from 3% in 1953 to around 35% nowadays. Depending on the resources allocated to research and development in the future coefficients of
50% effectiveness seem realistic within the next decade (Hirschberg 2005b).
Due to an increasing demand for solar energy a lot of research is already going on in the photovoltaic
sector and the range of materials and technologies in this field is broad. Since it is impossible to address
all production chains of currently existing technologies the focus is put on standard technologies already
applied in small-scale plants. It is based on the production of silicon wafers and a screen printing technology for attaching metal contacts.
In the following, relevant environmental, economic and social aspects of the phases production, application and disposal and recycling of solar cell systems for energy production are described.

3.3.1 Production
The production chain of a photovoltaic energy plant based on polycrystalline silicon (p-Si) involves the
main steps of wafer production, production of solar cells and module production. Base material for the
waver production is metallurgical silicon (mg-silicon). It is produced by carbothermal reduction of quartz
using petrol coke, charcoal and wood chips as reduction agents. This process includes consumption of
electricity, quartz, hard coal, water, and other working material as stainless steel, saw blades, argon gas
etc. and causes emissions of air- and waterborne pollutants.
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The production of solar cells includes several processing steps as are etching of surface, treatment of the
semiconducting silicon, connector implementation, application of anti-reflex coating and testing. Dominant in the energy balance are the significant energy requirements for the diffusion process and for
sintering of the connectors. A way to reduce these energy requirements is to run the production in a
continuous shift operation. In addition, the process includes consumption of working material (acids,
oxygen, nitrogen and others) and the production of air- and waterborne pollutants and waste.
The production of cell bands, the lay-up between glass or foil, the installation of the connector box and
the framing if necessary are all part of the module production process. Furthermore, grid connectors, the
converter and the support structure have to be produced and installed. The significant amount of material loss during wafer sawing due to the need for highly pure silicon is dominant in the energy balance of
the production chain of solar panels. About two thirds of the silicon is lost during the wafer production.
The need for very high temperatures in several process steps is responsible for high energy consumption.
In addition, transport to the installation site and waste treatment need to be considered in the balance.

3.3.2 Application
Photovoltaic technology allows converting solar energy into electrical energy, as described above. Important aspects connected to the application of photovoltaic energy systems are described in the following.

Energy and Environmental Pay-Back Time
Based on Swiss conditions for the implementation of photovoltaic energy Jungbluth, Bauer et al. (2005)
determined energy pay-back times between 3 to 6 years only considering energy use for the production
of the photovoltaic plants compared to the energy use of the operation of a modern natural-gas power
plant. The expected life-time of a photovoltaic plant is with about 30 years five to ten times longer than
this pay-off time. Jungbluth, Bauer et al. (2005) also investigated environmental pay-back times of
photovoltaic energy, considering environmental impacts of emissions and human toxicity. Environmental pay-back time means the time until environmental impact levels out the impacts of a conventional energy production due to resource savings or less emissions (airborne and/or waterborne). Environmental pay-back times of photovoltaic energy are determined between 25 to 50 years and, hence,
considerably higher than energy pay-back times.
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Production Potential and Future Aspects
If all roofs in Switzerland were equipped with photovoltaic panels a power production of 9.4 to 13.7
TWh/a could be achieved, corresponding to about 20% of the Swiss electrical power consumption
(Hirschberg 2005a). But the future of photovoltaic energy and its potential strongly depend on many
factors and uncertainties, as described in the following. Table 4 lists advantages and disadvantages of
photovoltaic energy in Switzerland.
The future development of photovoltaic energy depends on resources put on research and development.
For the second generation of photovoltaic energy lower prices are expected because new technologies
allow the production of thin layers of photovoltaic active material resulting in a reduction of semiconductor material content. In addition, the films can be produced in formats comparable to units and do
not require the production of individual cells anymore, allowing for a higher throughput during production and therefore lowering costs.
Table 4:

Advantages and Disadvantages of Photovoltaic Energy in Switzerland (Hirschberg 2005b;
Hirschberg 2005a).

Advantages

Disadvantages

-

high acceptance

-

currently high costs

-

integration in existing buildings possible

-

currently no reliable energy production
(no sun no power)

(Switzerland and Europe in general)
-

fuel available at no cost, and not running

-

face requirements

out
-

low power density, high material and sur-

decentralised and centralised power pro-

-

high pay-back times

duction possible

-

inverter for grid feed-in necessary

-

no emissions during operation of plants

-

simple and robust components

-

low risk of fatalities during operation

-

low operation and maintenance costs

-

no noise

-

dismantling of plants and recycling of material easily possible

The development of electrochemical, storable power systems would assure the permanent availability of
energy from solar cell systems. Today, these systems are rare and expensive. Total solar radiation reaching the earth is equivalent to 10’000 times the current world energy consumption (1.2*1014 kW). The de-
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velopment of low-loss transmission technologies would enable increased power production in remote
areas (e.g. deserts) and, hence, electric power supply becomes more decentralised.

Costs
Production costs of photovoltaic energy are high compared to all fossil fuel and renewable energy production alternatives: Primary costs of fossil fuel power production between 2005 and 2035 are put at
about 4-9 Rp./kWh whereas costs of photovoltaic energy are put at 27-67 Rp./kWh, referring to the same
time period (BFE 2007). However, the development of costs is very uncertain and highly dependent on
public support and funding. The competitive position depends on the development of prices for fossil
energy carriers. Often, it is assumed that prices for emission allowances rise while costs for solar cell
production decrease such that the costs for power production converge for both technologies.
Subsidies for fossil fuel including nuclear power generation are high in comparison to renewable energy
in general. In the US only 3% of government funds for power generation is spent for photovoltaic energy
whereas fossil and nuclear energy receive 90% of subsidies (Pearce 2002). In addition hidden costs paid
by society are not included in the costs of conventional power production, including costs for health
impacts, military costs for protection of oil supplies, employment, crop loss, corrosion and global warming.

Land Use and Visual Impacts
As preconditions for the applicability of photovoltaic energy, appropriate solar resources and land (or
roof-area) must be available. Large scale plants increase the stability of production output over year, but
at the same time increase the land use. However, if solar panels are installed on roofs photovoltaic energy production takes place on already populated sites and, hence, no additional land is required (multiple-shift usage of developed area, Cortesi and Funk 2007).
The installation of solar panels on roofs or other areas of buildings can lead to visual impacts on the
aesthetic of buildings, especially on older or historic buildings with cultural value. Incorrect setting of
solar panels can also lead to visual disturbance of birds and therefore to impact ecosystems (Tsoutsos,
Frantzeskaki et al. 2005). On the other hand, solar elements can be used to enhance the aesthetic quality
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of buildings as they can be used as architectural elements in attractive and visible ways (Tsoutsos,
Frantzeskaki et al. 2005).

Social Consequences of Increasing Solar Power
Photovoltaic energy could benefit global society by increasing social equity through a decentralised energy supply in home-production. This could result in greater personal freedom and less dependency on a
few big energy suppliers (Meyer-Abich, Schefold et al. 1986; Pearce 2002). Thus, not only national social
equity could increase, but also international equity could rise by the fact that developing countries could
independently meet their energy demand and industrialised countries do not need to import fossil fuels
from developing countries any more. Hence, photovoltaic energy causes new job opportunities in industrialised as well as in developing countries.
Furthermore, photovoltaic energy facilitates decentralised energy production due to its flexibility of application and its functional diversity. This potentially enhances the climate change mitigation potential
and, additionally, delivers a low sensitivity to climate change.

3.3.3 Disposal and Recycling
Disposal and recycling of disused photovoltaic plants is not completely solved yet (Hirschberg 2005b). In
particular, an ideal procedure for the treatment of solar panels is missing. If modules contain cadmium
the focus must be set on the treatment of this heavy metal. However, probably most problematic is the
disposal of the batteries as “a life cycle analysis of batteries for stand-alone photovoltaic energy systems
indicates that the batteries are responsible for most of the environmental impacts, due to their relatively
short life span and their heavy metal content” (Tsoutsos, Frantzeskaki et al. 2005). But all other framecomponents consisting of steal, aluminium, glass and ultra pure silicon are easily recyclable and no further impacts to environment or human beings are expected.
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3.3.4 Summary of Aspects Related to the Photovoltaic Energy Chain
In Table 5 the identified social, economic and environmental aspects are listed and for each aspect it is
quoted in which phases the aspect is relevant. In addition to the aspects already mentioned above the
aspects investment and operating costs, employment, contribution income to gross domestic product,
compatibility with renewable energy, energy-saving and efficiency efforts, suitability of photovoltaic
technology for technology transfer to developing countries, transports, water consumption, public acceptance as well as current average fatalities per amount of energy are relevant and have to be considered.

Table 5:

Relevant Aspects of the Photovoltaic Energy Chain and the Most Relevant Phases of each
Aspect.

Aspect Name

Sustainability

Input /

Dimension

Output Energy Chain

Relevant

Production

Application

Disposal and Recycling

Phases

Dependence on development of prices for fossil energy production

Economic

Input

x

x

x

Development of photovoltaic technology

Economic

Input

x

x

Energy consumption

Economic

Input

x

x

Future market demand and supply

Economic

Input

x

x

x

Investment costs

Economic

Input

x

x

x

Operating costs

Economic

Input

x

x

x

Compatibility with renewable energy, energy-saving and efficiency efforts

Economic

Output

Contribution of income to gross domestic product

Economic

Output

Contribution to energy supply

Economic

Output

Distribution of income to society

Economic

Output

Diversification of energy production and increase of energy security

Economic

Output

Net efficiency and energy balance

Economic

Output

x

x

x

Pay-back time

Economic

Output

x

x

x

Potential of photovoltaic energy to substitute petroleum fuels

Economic

Output

x

Reliability of energy production, i.e. availability of storable power systems for

Economic

Output

x

photovoltaic energy
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x

x

x

x

x
x

x

x

x

Continuation of Table 5:
Sustainability

Input /

Dimension

Output Energy Chain

Silicon lost during wafer production

Economic

Output

Suitability of photovoltaic energy for decentralised energy production

Economic

Output

Suitability of photovoltaic technology for technology transfer to development

Economic

Output

x

Suitability of photovoltaic technology for the export industry

Economic

Output

x

Tansports

Economic

Output

x

Land use

Environmental Input

Material consumption for production (metallurgical silicon, quartz, hard coal,

Environmental Input

Disposal and Recycling

Application

Relevant
Production

Aspect Name

x
x
x

x

countries
x
x

x

x
x

charcoal, wood chips, stainless steel, saw blades, argon gas, acids, oxygen and
nitrogen) and all equipment
Total theoretical potential of photovoltaic energy production

Environmental Input

Water consumption

Environmental Input

Climate change mitigation potential

Environmental Output

Emissions

Environmental Output

x

x

x

Environmental pay-back time

Environmental Output

x

x

x

Impacts on ecosystem and biodiversity

Environmental Output

x

x

x

Sensitivity to climate change

Environmental Output

x

x

x

Visual impacts and change of the characteristic landscape

Environmental Output

Waste management

Environmental Output

x

x

x

Dependence on political decisions, e.g. research investments, tax reductions

Social

Input

x

x

x

Public acceptance of photovoltaic energy

Social

Input

x

x

x

Ability to react to changing requirements and technological innovations

Social

Output

x

x

x

Current average fatalities per amount of energy

Social

Output

x

x

x

Employment

Social

Output

x

x

x

Increased social equity and greater personal freedom

Social

Output

x

x

x

x
x

x
x

x

and subsidies
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4 Discussion

The three case studies reviewed in chapter 2 are all based on the same methodical approach in order to
consider social aspects: They all (i) evaluate a number of scenarios or portfolios of energy systems, (ii)
include stakeholders or experts to evaluate their preferences and values, and (iii) are evaluated by means
of a set of criteria. Methodically, this is a multi-stakeholder x multi-criteria x multi-scenario/portfolio (MS
x MC x MP) approach. In this chapter strengths and limits of this approach in respect of a sustainability
evaluation of energy systems are discussed.
Section 4.1 is focused on general methodical issues. In section 4.2 the coverage of relevant aspects (identified in chapter 3) by the three case studies is discussed. Section 4.3 gives an overview on alternative concepts and approaches for a sustainability assessment of energy systems.
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4.1 Applicability of Current Methods
The investigated case studies presented in chapter 2 apply neoclassical as well as institutional approaches. It has been shown that institutional approaches, in particular MCDM methods, consider social
and other qualitative aspects of energy systems. MCDM methods are applied in Hirschberg, Dones et al.
(2004) and in Eliasson, Lee et al. (2003). Hirschberg, Dones et al. (2004) use a utility function-based and
Eliasson, Lee et al. (2003) a partial-aggregation outranking model. Renn, Hampel et al. (2006) concentrate on the identification of social criteria and no evaluation method is applied. Renn, Hampel et al.
(2006) and Eliasson, Lee et al. (2003) are based on a participatory approach to access opinions, values and
knowledge of stakeholders. Evaluation criteria and criteria weights in Hirschberg, Dones et al. (2004) are
derived from PSI experts. The rationale of participatory approaches is discussed in section 4.1.1 and the
limits of linear multi-criteria models in section 4.1.2.

4.1.1 The Rationale of Participatory Approaches
Participatory approaches allow to deal with different worldviews, values and political orientations and
facilitate an “intersubjective interpretation of reality” (Renn, Hampel et al. 2006). Participatory approaches avoid the need for a common system understanding and, theoretically, also allow the assessment of energy systems without a preceding agreement on concrete energy targets. Summarised in a
more general way, participatory approaches
-

help to consider different interests of current generations and the connected trade-offs,

-

admit a pluralism of perspectives to consider all stakeholder groups and their perspectives and
values, and

-

are scientific procedures to connect scientific knowledge and practical experience (Scholz and
Tietje 2002; Scholz and Stauffacher 2007).17

17

Participatory methods as transdisciplinary approaches address the relationship between society and science and enhance their
collaboration (Scholz 2006; Scholz and Stauffacher 2007). This approach fulfils the demand of many experts for “mutual learning between science and society” to move toward sustainable development (Laws, Scholz et al. 2004).
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However, participatory approaches also have limits. Mainly, they are restricted by (i) framing effects, (ii)
influences of culture and values, (iii) unequal representation of interests and (iv) limitations of individual
time-horizons. These restrictions are described in the following.

Framing Effects
Individual preferences depend on the framing of decision problems.18 The way choice problems are formulated significantly influences preferences. This can be visualised by asking the same question in different ways or combining different subquestions (Tversky and Kahneman 1981). People tend to be overstrained in the cognitive comprehension of the decision problem and the whole criteria set because, in
complex decision tasks, criteria dynamically influence each other. Consequently, individuals tend to unconsciously use simplifying cognitive strategies, for example by concentrating on one most important
criterion (Tversky and Kahneman 1981; Sell 2007). Hence, it is difficult to use an adequate number 0f
criteria as fewer criteria oversimplify the problem and too many criteria overstrain the cognitive abilities
of decision makers. Framing effects which are relevant for participatory MCDM methods are listed in
Table 6.
Also the communicated information of alternatives and the way how alternatives are presented can
cause shifts and strongly influence opinions of participants (Sell 2007). Keeney, Vonwinterfeldt et al.
(1990) showed a significant influence on the thinking of the participants as the majority changed their
rank order of energy system alternatives between the first and the final evaluation.
Table 6:

18

Framing Effects: Relevant Interactive Elements Influencing Participatory MCDM Methods.

-

Formulation of individual criteria

-

Combinations of different criteria

-

Number of criteria

-

Information communicated of decision alternatives

-

Presentation of decision alternatives

See, for example: Tversky and Kahneman 1981; Mazzotta and Opaluch 1995; Gregory and Slovic 1997; Mettier, Scholz et al. 2006;
Sell 2006; Sell 2007.
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These findings show that the framing effect can strongly influence results of participatory evaluation
approaches and, hence, question the adequacy of participatory methods for the choice of evaluation
criteria, criteria weights and the assessment of alternatives. Gregory and Slovic (1997) argue that the
considerations of such framing effects recommend the use of techniques of decision analysis, e.g.
MCDM, as the formalised criteria and validation schema unifies the method. However, multi-criteria
models do not generally smooth out the quoted obstacles and involve other limitations, as stated in
section 4.1.2.

Influences of Culture and Values
The existence of an absolutely objective evaluation of any system would require the inclusion of every
system relevant aspect and finally “total knowledge” (Douglas and Wildavsky 1983). It is unnecessary to
mention that it is impossible for human beings to ever reach this absolute view on nature, the total
knowledge. Our perception and understanding of nature and hence also our scientific comprehension of
technological issues do never comply with complete objectivity. Individual decisions are always influenced by culture and values and “there are no value-free processes for choosing between risky alternatives” (Douglas and Wildavsky 1983).
Cultural values are influenced by many factors, in particular by the geographical region of society (westeast and north-south extremes), the style of society and economy (form of government and economic
system) and religious and ethical orientations. For example, it has been shown that European and Latin
American actors emphasise different criteria for the evaluation of the same issue (Sell 2006). Societies
show a cultural bias for risks and tend to focus on some risks whereas others are disregarded since
“common values lead to common fears” (Douglas and Wildavsky 1983). Currently, for example, people
tend to focus on climate change and linked efforts on greenhouse gas reductions whereas a few decades
before the reduction of nuclear risks was a much higher public priority. Particularly the biggest and putatively most objective risks strongly depend on cultural values (Beck 2007).
Moreover, people have defended absolute values which they do not trade off against anything else (Ritov
and Baron 1999; Tanner and Medin 2004). Defended values result in aspects which necessarily have to
accord to the ideal conceptions of participants. People have defended values for the environment, human rights, sacred objects, etc. Some people also have defended combinations for certain issues. A clas56

sical example of such a defended combination has been identified connected to the search process for
nuclear waste repository sites (Scholz, Stauffacher et al. 2007). In this political process many participants
take the position of claiming the termination of nuclear energy production (i.e. to stop the production of
new nuclear waste) before they even will participate in the search process.
These influences of culture and values are summarised in Table 7. In general, the issues influence the
identification of intended actions, goals and needs, referring to the HES paradigm. Connected to the
evaluation of energy systems by means of participatory MCDM approaches these issues are relevant
with respect to (i) preferences of participants and (ii) the choice of evaluation methods, as described in
the following.
Table 7:

Influences of Culture and Values: Relevant Interactive Elements Influencing Participatory
MCDM Methods.

-

Cultural bias for risks

-

Geographical region of society

-

Style of society and economy

-

Religious and ethical orientations

-

Defended values and combinations

Firstly, culture and values influence preferences of stakeholder, experts and citizens and, hence, the results of participatory evaluation methods. Secondly, the choice of evaluation methods and the work of
scientists involved in a study are also influenced by their culture and values. The decision of how to assess energy systems is political and influenced by our culture. Within the MCDM approach Kim (2007)
identifies the presence of subjective components as the evaluation depends on “decision maker’s preferences and the scale for MCDA analysis” and “the interpretation of the weights depends completely on
the decision model”. These sensitivities of scientific results to cultural influences must be treated seriously in every scientific work.
The aim of participatory approaches is to include different values and worldviews in the evaluation process. The three case studies and the applied MCDM method insufficiently consider defended values and
combinations and do not visualise the role and dimensions of cultural influences on evaluation results.
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For example, this becomes visible, as Eliasson, Lee et al. (2003) do not consider cultural differences between European and Chinese study participants and consequences for safety cultures.
These findings revealed a clear interest to comprehend the influence of culture and values on energy
system assessment results. Hence, a need for (i) visualisation and transparent implementation of cultural influences and values in assessment methods or (ii) for some objective measure which does not
depend on the individual preference is identified.

Unequal Representation of Interests
A third important obstacle of participatory approaches is the diverse eloquence of individual stakeholders and stakeholder groups. Some people better know how to articulate their interests and how to
prevail. Hence, the composition of stakeholders and the method of their inclusion must be arranged
carefully by considering interests, values as well as the political and professional backgrounds of participants.
However, future generations and non-humans (biota and abiota) are not able to participate in discussions and articulate their interests. It is just luck if their interests are represented by human stakeholders
since nobody knows their real interests (O'Neill 2001). Hence, there is no guarantee for the representation of interests of those who cannot participate in the decision process. This obstacle cannot be overcome by participatory methods.

Limitations of Individual Time-Horizons
The consideration of long-term aspects depends on the time-horizons of decision makers. In Humphreys
and Barkeley (1983) organisational levels in bureaucratic employment hierarchies are investigated and
distinguished. These “levels of abstraction” are shown in Table 8. For each level time spans are identified
which indicate “how far away the decision horizon is set for tasks for which the decision maker is held
responsible within the organisational context” (Humphreys and Barkeley 1983). Above level 5 – the highest level shown in Table 8, with a time-span of five to ten years – we move outside the scope of individual
decision making. Decisions for real sustainable development require a significantly longer time span,
and, hence, time-horizons of participants are too short to evaluate alternatives in respect of intra- and
intergenerational justice.

58

In a democratic state the time horizon of elected representatives is influenced by the duration of the
legislative period and thus not adequate to tackle long-term problems (Laws, Scholz et al. 2004).
Humphreys and Barkeley (1983) further state that “decision making at these higher levels of abstraction
must of necessity be social rather than personal”. These high levels could potentially be reached by the
“owner of the system” like a king or a prince and not by elected representatives or participants of participatory approaches. Culture and its control mechanisms, however, presumably have much longer time
horizons.

Table 8:

Comparison of Demand Characteristics of Tasks Faced by Personnel Having Responsibilities
at a Given Organisational Level with Structuring Capabilities Required in Representing Decision Problems at that Level (Humphreys and Barkeley 1983).
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4.1.2 The Limits of Linear Multi-Criteria Models
MCDM methods have been identified as an institutional approach to assess alternatives. These alternatives are analysed and the attractiveness of the options is characterised by means of a defined criteria
set. This allows to evaluate a bundle of aspects and to deal with different dimensions. The criteria are
quantified by help of quantitative and qualitative methods. In these steps MCDM methods are often
applied combined with participatory approaches, as presented in chapter 2. For the final evaluation two
general types of decision model have been identified: utility function-based methods as applied in
Hirschberg, Dones et al. (2004) and outranking methods applied by Eliasson, Lee et al. (2003). Whereas
criteria values are synthesised to a one-dimensional utility measure by utility function-based methods,
outranking models are more sophisticated. The Electre III approach in Haldi and Pictet (2003) is based on
a two-step procedure which considers the type of relationship between criteria. Furthermore, the results
are not limited to a monocriterion: graphical results also inform about the reliability of the information
which is determined by evaluating the comparability of the options regarding the criteria. For a discussion of strengths and weaknesses of linear multi-criteria models the Brunswikian Probabilistic Functionalism will be introduced in the following.

The Brunswikian Probabilistic Functionalism
Probabilistic Functionalism is “a theory of perception formulated by the Hungarian-born US psychologist
Egon Brunswik (1903–55) according to which perception involves the selection of environmental cues
that are most useful or functional in responding, the validity of all perceptions and beliefs being necessarily probabilistic rather than certain” (HighBeamEncyclopedia 2007). Scholz and Tietje (2002) identify
this theory as an “appropriate model for the process and epistemic nature of knowledge integration”
which also serves as a “framework for social judgment theory”. This model bases on the cognitive system
of the human eye, as a sense organ. A general schema is depicted in Figure 11.
On the left side of the eye, different cues (information) are sampled (initiate focal variable). These cues
are then transformed, interpreted and integrated by the lens, the light receptors and the internal information transmission process in the brain and “composed into a terminal focal variable, such as a judgment attitude, or habit” (Scholz and Tietje 2002).
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Figure 11:

The Brunswikian Lense Model in its Original Shape (Scholz and Tietje 2002)

There are two stray processes which disturb the perception of information: Firstly, on the left side “originating from either the suitability of the perspective on the initial focal variable or the imperfectness of
the media” (Scholz and Tietje 2002). Secondly, on the right side “stray effects are caused by the imprecision of the perceptors and the distortions in the internal information transmission process” (Scholz and
Tietje 2002). The human eye is limited in its perception but adequate as visual sense organ. Thus, the
physical object of the environment becomes accessible in a probabilistic way: The perceived cues are
“randomly selected” such that just a part of the reality is projected. Information we do not perceive is,
however, complemented by completion of the perceived cues in the brain which can also adjust fuzziness (vicarious mediation). The arriving light or information must exceed a certain threshold of illumination to be perceived by the human eye.

Limits of MCDM Discussed by Means of the Brunswikian Probabilistic Functionalism
The Brunswikian Lens Model can also be applied to higher cognitive processes (Scholz 1999), in particular
to linear multi-criteria models, as depicted in Figure 12, and works as follows: “The analytic decomposition of the environmental system describes alternatives using the attributes as perceptors. The synthesis
consists of the composition (aggregation) of the single utilities of the attributes into the overall utility of
the alternatives.” (Scholz and Tietje 2002)
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Figure 12:

The Brunswikian Lens Model for MCDM. Criteria serve as perceptors. (Scholz and Tietje
2002).

Similar to the human eye linear multi-criteria models perceive the environment in a probabilistic way: A
limited number of measurable criteria are used to capture reality. The evaluation method (i) synthesises
the criteria to a one-dimensional utility measure in the case of a utility function-based model or (ii) ranks
the alternatives in the case of an outranking model. The limited number of criteria corresponds to the
limited perceptual capacity of the eye which reduces the complete information to some measurable
aspects. The composition rule corresponds to the internal information transmission process. Like the
human eye this probabilistic approach is limited and fuzzy in its perception but adequate for the evaluation of alternatives.
MCDM methods applied in the three case studies have limits. For example, stakeholders who have to
evaluate and/or weight a given set of criteria do not have the possibility to include individual criteria.
This would be important as – referring to the Brunswikian Probabilistic Functionalism – perceptors of
different contemplators vary. Moreover, linear multi-criteria models insufficiently consider (i) variances
and uncertainties and (ii) system relations and dynamics. These obstacles limit the applicability of linear
multi-criteria models to the assessment of complex problems, as reasoned in the following.
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Variances and Uncertainties
According to the Brunswikian Probabilistic Functionalism it is presumed that MCDM methods are able to
adjust fuzziness and that information we do not perceive are complemented by means of the perceived
cues. Hence, classic linear multi-criteria models are not able to explicitly consider variances and uncertainties of certain criteria. The explicit trade-off analysis and system models in Connors, Schenler et al.
(2003) consider some uncertainties, even though they are limited to energy sector specific aspects. Accordingly to the above presented limits of MCDM, Haldi and Pictet (2003) and Hirschberg, Dones et al.
(2004) do not include uncertainties and variances. At least, Haldi and Pictet (2003) inform about the
reliability of the ranking of alternatives.
The consideration of uncertainties in the energy system assessment is important as the things we know
least about are the most dangerous, in particular the “unknown unknowns” (Beck 2007). Therefore it is
important to be conscious about so far unknown scientific findings (Schütz, Wiedemann et al. 2003).
Moreover, the future evolution of society connected future requirements and the full consequences of
our current way of living are unknown. Therefore, all known variances and uncertainties of several criteria should be included in energy system assessments. Current energy system evaluation approaches are
not able to include uncertainties connected to longer time horizons. The explicit treatment of such future aspects is relevant, as further discussed in section 4.2.3.

System Relations and Dynamics
Non-linear interactions between system elements, which are measured by separate criteria, can cause
larger impacts than the separated system elements would do. Moreover, some criteria values cannot be
combined with other criteria values and several options are mutually exclusive. Composition rules of the
linear multi-criteria models in Hirschberg, Dones et al. (2004) and Haldi and Pictet (2003) insufficiently
consider such relations and dynamics between individual criteria. In particular, interdependencies between certain criteria, criteria variances and uncertainties are not taken into consideration. Whereas
Hirschberg, Dones et al. (2004) do not model any relations between criteria, Haldi and Pictet (2003), at
least, consider the type of relationship between criteria. These constraints of linear MCDM are responsible for many neglected aspects of current energy system assessment, as further discussed in section
4.2.3.
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4.2 Consideration of Energy Chain Relevant Aspects in Current
Approaches
The consideration of identified energy chain relevant aspects in the three case studies Hirschberg, Dones
et al. (2004), Renn, Hampel et al. (2006) and Eliasson, Lee et al. (2003) presented in chapter 2 is evaluated
in the following. It is discussed how far these current approaches cover the identified aspects of the nuclear, biofuel and photovoltaic energy chain presented in chapter 3. The aim is the identification of
strengths and weaknesses of the three case studies referring to the consideration of energy chain relevant aspects. The method of the aspect coverage evaluation applied in this chapter is described in section
4.2.1, results of this evaluation are presented in section 4.2.2 and, subsequently, these results are discussed in section 4.2.3.

4.2.1 Method for an Evaluation of the Coverage of Identified Aspects
In order to evaluate the coverage of relevant aspects of the three energy chains in the three case studies
Hirschberg, Dones et al. (2004), Renn, Hampel et al. (2006) and Eliasson, Lee et al. (2003) the following
approach is chosen: The aspects of the three energy chains identified in chapter 3 are confronted with
the considered aspects of the three case studies presented in chapter 2.19 For each aspect it is analysed
whether it is completely, partially or not considered in the energy system assessment of the three case
studies.
The decision whether an aspect is considered or not bases on the criteria set and the methods used in
the case studies. Most criteria applied in the case studies are of a higher level of aggregation than the
identified aspects of the three energy chains. Hence, it has to be decided if the more concrete aspects are
covered by the more general criteria. An aspect is referred to as covered by a study when it is directly
considered in the final evaluation of the energy systems. For Hirschberg, Dones et al. (2004) and Renn,

19

The description of the nuclear, biofuel and photovoltaic energy chain in chapter 3 is done with a life-cycle perspective. The
whole natural social science system is applied in order to identify preferably all inputs into and outputs from energy systems in
relation to environment and society. This system understanding is further characterised in the introduction and in the beginning of chapter 3.
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Hampel et al. (2006) used MCDM criteria sets are considered. For the evaluation of the CETP, criteria used
in the trade-off analysis method (Connors, Schenler et al. 2003) as well as in the MCDM (Haldi and Pictet
2003) are taken into account. If it is not clear how well an aspect is covered by a criterion it is referred to
as partially covered.
In Table 9, Table 10 and Table 11 on the following pages the relevant aspects of the nuclear, biofuel and
photovoltaic energy chain are listed. It is shown whether these aspects are completely [;], partially [(;)]
or not [ ] considered in the assessment of energy systems performed by the three case studies. The
aspects are grouped in an economic, an environmental and a social category and it is quoted if the aspects refer to inputs into or outputs from the energy system in relation to environment and society.

Table 9:

Coverage of Relevant Aspects of the Nuclear Energy Chain by Hirschberg, Dones et al.
(2004), Renn, Hampel et al. (2006) and Eliasson, Lee et al. (2003). It is shown whether these
aspects are completely [;], partially [(;)] or not [ ] considered in the three assessments of
energy systems.
Sustainability

Input /

Dimension

Output system inventories

Costs of severe nuclear accidents

Economic

Input

Development of nuclear energy technology

Economic

Input

Eliasson, Lee et al. 2003

2006

Renn, Hampel et al.

2004b

Coverage by current energy
Hirschberg, Dones et al.

Aspect Name

(;)

Energy consumption

Economic

Input

;

Investment costs

Economic

Input

;

;

Operating costs

Economic

Input

(;)

;

(;)

Adequacy of nuclear energy to satisfy future global energy demand

Economic

Output

Compatibility with renewable energy, energy-saving and efficiency efforts

Economic

Output

Contribution of income to gross domestic product

Economic

Output

Contribution to energy supply

Economic

Output

Distribution of income to society

Economic

Output

Economic profitability and pay-back time

Economic

Output

Insurance coverage of severe nuclear accidents

Economic

Output

Net efficiency and energy balance

Economic

Output

Opportunity costs

Economic

Output

Suitability of nuclear energy for cogeneration

Economic

Output

Suitability of nuclear energy for decentralised energy production

Economic

Output

Suitability of nuclear technology for technology transfer to developing countries

Economic

Output

Suitability of nuclear technology for the export industry

Economic

Output

Transports

Economic

Output

Consumption of acid and alkaline solutions

Environmental Input

;

;

;

;

;

(;)

(;)

(;)
(;)
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Continuation of Table 9:

2003

al. 2006

Output system inventories
Renn, Hampel et

Dimension

et al. 2004b

Input /

Eliasson, Lee et al.

Coverage by current energy

Sustainability

Hirschberg, Dones

Aspect Name

(;)

Consumption of hydrogen fluoride

Environmental Input

Land use

Environmental Input

(;)

(;)

Long-term availability of uranium

Environmental Input

;

;

Water consumption

Environmental Input

Change of the characteristic landscape

Environmental Output

;

;

(;)

(;)

Climate change mitigation potential

Environmental Output

(;)

Emissions

Environmental Output

(;)

;

Impact on land and biosphere of severe nuclear accidents

Environmental Output

Local and regional impacts of radioactive waste disposal facilities

Environmental Output
(;)

Non-radioactive tailings

Environmental Output

;

Radioactive releases to environment

Environmental Output

;

Radioactive tailings

Environmental Output

;

Release of warm water to the bio- and hydrosphere

Environmental Output

Sensitivity to climate change

Environmental Output

Acceptability of nuclear power plants by society

Social

Input

(;)

Acceptability of radioactive waste disposal facilities

Social

Input

;

Availability of radioactive waste disposal facilities

Social

Input

;

Consensus on how to develop radioactive waste disposal facilities

Social

Input

(;)

Ability to react to changing requirements and technological innovations

Social

Output

;

Current average fatalities per amount of energy

Social

Output

;

;

(;)

Employment

Social

Output

;

;

(;)

Fatalities of potential severe nuclear accidents

Social

Output

;

;

(;)

Impact of severe nuclear accidents on infrastructure

Social

Output
(;)

;

Military capability of nuclear technology

Social

Output

Probability of severe nuclear accidents

Social

Output
;

Psychological impact of severe nuclear accidents

Social

Output

Public dispute

Social

Output

Risk of radioactive exposure of workers

Social

Output

;
;

Time of radioactive waste storage

Social

Output

Transfer of responsibility for radioactive waste to future generations

Social

Output
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;

Table 10:

Coverage of Relevant Aspects of the Biofuel Energy Chain by Hirschberg, Dones et al. (2004),
Renn, Hampel et al. (2006) and Eliasson, Lee et al. (2003). It is shown whether these aspects
are completely [;], partially [(;)] or not [ ] considered in the three assessments of energy
systems.

Output

system inventories

Application of agrochemicals

Economic

Input

(;)

Chemical treatment of sugar cane crops

Economic

Input

(;)

Dependence on development of prices for fossil energy

Economic

Input

Development of biofuels technology

Economic

Input

Energy consumption

Economic

Input

Hirschberg, Dones et al.

Eliasson, Lee et al. 2003

Dimension

2006

Coverage by current energy

Renn, Hampel et al.

Input /

2004b

Sustainability

Aspect Name

(;)
;

;
(;)

Fertiliser application

Economic

Input

Future market demand and supply

Economic

Input

Investment costs

Economic

Input

;

;

Operating costs

Economic

Input

(;)

;

Compatibility with renewable energy, energy-saving and efficiency

Economic

Output

efforts
Contribution of income to gross domestic product

Economic

Output

Contribution to energy supply

Economic

Output

Distribution of income to society

Economic

Output

Diversification of energy production and increase of energy security

Economic

Output

Necessary car engine modifications

Economic

Output

Net efficiency and energy balance

Economic

Output

Potential of biofuels to substitute petroleum fuels

Economic

Output

Suitability of biofuels technology for technology transfer to developing

Economic

Output

Economic

Output

;

;

;

;

countries
Usage of biomass as vehicle fuel versus usage for electricity or heat
production
(;)

Land use

Environmental Input

Water consumption

Environmental Input

Change of the characteristic landscape

Environmental Output

;

Climate change mitigation potential

Environmental Output

(;)

Crowding-out effects and incentives for illegal deforestation

Environmental Output

(;)

(;)
(;)

;

(;)

Disposal of cinhace

Environmental Output

Emissions

Environmental Output

Impacts on ecosystem and local biodiversity

Environmental Output

(;)

(;)

(;)

(;)

Impacts on nature protection areas

Environmental Output

Incentives for GMO application

Environmental Output

Sensitivity to climate change

Environmental Output

Soil degradation and nutrient depletion

Environmental Output

(;)

;

(;)

67

Continuation of Table 10:

system inventories

;

2003

Output

Eliasson, Lee et al.

Dimension

al. 2006

Coverage by current energy

Renn, Hampel et

Input /

et al. 2004b

Sustainability

Hirschberg, Dones

Aspect Name

(;)

Waste management

Environmental Output

Dependence on political decisions, e.g. research investments, tax

Social

Input

Competition with food crops

Social

Output

Current average fatalities per amount of energy

Social

Output

;

;

(;)

Employment

Social

Output

;

;

(;)

reductions and subsidies

Labour situation and living condition of harvesters

Social

Output

Rural conflicts versus new perspectives for farmers in developing

Social

Output

(;)

(;)
(;)

countries

Table 11:

Coverage of Relevant Aspects of the Photovoltaic Energy Chain by Hirschberg, Dones et al.
(2004), Renn, Hampel et al. (2006) and Eliasson, Lee et al. (2003). It is shown whether these
aspects are completely [;], partially [(;)] or not [ ] considered in the three assessments of
energy systems.

Dependence on development of prices for fossil energy production

Economic

Input

Development of photovoltaic technology

Economic

Input

Energy consumption

Economic

Input

2006

Output system inventories
Renn, Hampel et al.

Dimension

2004b

Input /

Eliasson, Lee et al. 2003

Coverage by current energy

Sustainability

Hirschberg, Dones et al.

Aspect Name

(;)
;

;

Future market demand and supply

Economic

Input

Investment costs

Economic

Input

;

;

Operating costs

Economic

Input

(;)

;

Compatibility with renewable energy, energy-saving and efficiency efforts Economic

Output

Contribution of income to gross domestic product

Output

Economic

;

Contribution to energy supply

Economic

Output

Distribution of income to society

Economic

Output

Diversification of energy production and increase of energy security

Economic

Output

Net efficiency and energy balance

Economic

Output

;

Pay-back time

Economic

Output

(;)

Potential of photovoltaic energy to substitute petroleum fuels

Economic

Output
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;

;

Continuation of Table 11:

Output

Silicon lost during wafer production

Economic

Output

Suitability of photovoltaic energy for decentralised energy production

Economic

Output

Suitability of photovoltaic technology for technology transfer to

Economic

Output

Suitability of photovoltaic technology for the export industry

Economic

Output

Tansports

Economic

Output

2003

Economic

Reliability of energy production, i.e. availability of storable power systems

al. 2006

Output system inventories
Renn, Hampel et

Dimension

et al. 2004b

Input /

Eliasson, Lee et al.

Coverage by current energy

Sustainability

Hirschberg, Dones

Aspect Name

for photovoltaic energy
(;)

development countries

Land use

Environmental Input

Material consumption for production (metallurgical silicon, quartz, hard

Environmental Input

(;)

(;)

(;)

(;)

(;)

(;)

coal, charcoal, wood chips, stainless steel, saw blades, argon gas, acids,

(;)

oxygen and nitrogen) and all equipment
;

Total theoretical potential of photovoltaic energy production

Environmental Input

Water consumption

Environmental Input

Climate change mitigation potential

Environmental Output

(;)

Emissions

Environmental Output

(;)

;

(;)

(;)

Environmental pay-back time

Environmental Output

Impacts on ecosystem and biodiversity

Environmental Output

Sensitivity to climate change

Environmental Output

(;)

(;)

(;)

Visual impacts and change of the characteristic landscape

Environmental Output

Waste management

Environmental Output

Dependence on political decisions, e.g. research investments, tax

Social

Input

Public acceptance of photovoltaic energy

Social

Input

Ability to react to changing requirements and technological innovations

Social

Output

Current average fatalities per amount of energy

Social

Output

;

;

(;)

;

;

(;)

;

(;)

reductions and subsidies

Employment

Social

Output

Increased social equity and greater personal freedom

Social

Output

;
;

;
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4.2.2 Quantification of Aspect Coverage
Numerically, considerably less than half of all identified aspects connected to the nuclear, biofuel and
photovoltaic energy chain are taken into account. This result and coverage rates of the three case studies
for the identified aspects of the three energy chains are presented in Table 12.

Table 12:

Sustainability Dimension Coverage: Coverage rates of aspects of the nuclear, biofuel and
photovoltaic energy chain in Hirschberg, Dones et al. (2004), Renn, Hampel et al. (2006)
and Eliasson, Lee et al. (2003).
Coverage by current energy system

Dimension

inventories

30%

35%

Economic

37%

11%

26%

25%

Environmental

53%

20%

47%

40%

Social

38%

69%

19%

42%

All

37%

24%

45%

35%

Economic

26%

1%

47%

25%

Environmental

54%

23%

47%

41%

Social

33%

83%

33%

50%

All

41%

30%

41%

37%

Economic

40%

10%

35%

28%

Environmental

46%

36%

55%

46%

Social

33%

83%

33%

50%

Averages over all

All

40%

29%

39%

energy systems

Economic

34%

7%

36%

Environmental

51%

26%

50%

Social

35%

78%

28%

Biofuels

Photovoltaics

aspects over all studies

32%

Averages of considered

42%

Nuclear Energy

2004b

All

Hirschberg, Dones et al.

Eliasson, Lee et al. 2003

Sustainability

Renn, Hampel et al. 2006

Energy Chain

The results in Table 12 show the concentration of Hirschberg, Dones et al. (2004) and Eliasson, Lee et al.
(2003) on environmental aspects (51% and 50%, respectively, on average over all energy systems) as they
are significantly more considered in these two case studies than economic (24% and 35%) and social (35%
and 28%) aspects. Renn, Hampel et al. (2006), in contrast, on average over all energy systems, best con70

sider social aspects (78%). By looking at the averages over all energy systems and all sustainability dimensions it emerges that Hirschberg, Dones et al. (2004) and Eliasson, Lee et al. (2003) consider more
aspects (40% and 39%) than Renn, Hampel et al. (2006) (29%). Regarding averages of considered social
aspects over all three studies nuclear energy shows the lowest coverage rate (42%) in comparison to
biofuel (50%) and photovoltaic energy (50%). With respect to the other sustainability dimensions, the
three energy chains are similarly well covered by all three case studies.
Table 13 presents the coverage of input and output related aspects of the three energy systems in all
three studies. In Hirschberg, Dones et al. (2004) and Renn, Hampel et al. (2006) output related aspects
are better considered than input related aspects. In Eliasson, Lee et al. (2003) the opposite is the case. By
looking at averages of considered aspects over all studies it emerges that input and output related aspects of the biofuel and photovoltaic energy chain are similarly well considered whereas for the nuclear
energy chain inputs are considerably better covered than outputs. Identified strengths and weakness of
the three case studies are described in the following.

Input / Output Coverage: Coverages of aspects of the nuclear, biofuel and photovoltaic
energy chain in Hirschberg, Dones et al. (2004), Renn, Hampel et al. (2006) and Eliasson,
Lee et al. (2003).
Coverage by current energy system

Dimension

inventories

43%

57%

45%

Outputs

45%

28%

19%

31%

Inputs

33%

1%

75%

36%

Outputs

39%

31%

31%

34%

Inputs

33%

25%

58%

39%

Outputs

44%

32%

32%

36%

Averages over all

Inputs

34%

23%

63%

energy systems

Outputs

43%

30%

27%

Biofuels

Photovoltaics

aspects over all studies

36%

Averages of considered

Inputs

Nuclear Energy

2004b

Eliasson, Lee et al. 2003

Sustainability

Renn, Hampel et al. 2006

Energy Chain

Hirschberg, Dones et al.

Table 13:
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Hirschberg, Dones et al. (2004)
Hirschberg, Dones et al. (2004) concentrate on environmental and directly measurable aspects with a
relatively short time-horizon. Thus, measurable criteria like costs, employment, emissions20 and current
average fatalities per unit of energy and of severe accidents are well considered. The more systemic and
long-term aspects of energy systems, however, are rather neglected. For example, the suitability of energy technologies for cogeneration, for decentralised energy production, for technology transfer to developing countries as well as its climate change mitigation potential21 are not discussed. Moreover, the
development of energy technology, the ability to react to changing requirements and technological innovations and the adequacy of energy systems to satisfy future global energy demand are not considered.22
In the case of biofuel energy, crowding-out effects and incentives for illegal deforestation and for GMO
applications are not covered. It is also not taken into account that the usage of biomass as vehicle fuel
influences the amount of biomass input for electricity or heat production. These system dynamics and
relations (e.g. to energy infrastructure and energy services) and all preceding processes and system dynamics are not taken into consideration.
Hirschberg, Dones et al. (2004) also disregard specific aspects connected to a high level of detail. In the
case of nuclear energy the amount of radioactive waste and time of storage are taken into account, but
the complete consequences of severe nuclear accidents (e.g. psychological impacts and potential destruction of infrastructure) and costs of nuclear repositories are hardly considered. In the case of biofuel
energy also some direct impacts of the biofuel energy chain on local environment are only partially considered: The general criteria “change in unprotected ecosystem area” does not capture the full local consequences of biofuel production, e.g. impacts on ecosystems, local biodiversity and nature protection
areas. Also the labour situation and living conditions of harvesters are not covered in Hirschberg, Dones
et al. 2004.

20

Only greenhouse gases and emissions related to local disturbance are considered. Other emissions like particulate matter, NO2,
SO2 or noise are neglected.

21
22

Only the fossil energy input per amount of energy is considered.
Only a geopolitical factor of availability, the energetic long-term availability and the amount of used copper per amount of
energy are considered.
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Political and more general social aspects are only partly or not addressed, e.g. opportunity costs and – in
the case of nuclear energy – availability of radioactive waste disposal facilities and the political consequences of the proliferation risk of nuclear energy. In the case of nuclear energy, social input aspects are
not considered at all, in particular acceptability of nuclear power plants and deposition facilities and the
related public dispute. In the case of biofuel energy the competition of energy crops with food crops is
not considered. The increased social equity and greater individual freedom which can potentially be obtained by photovoltaic applications is also neglected.
Furthermore, the quality of impacts is only partially discussed. The criterion land use is quantified in km2
neglecting the way how this land is used or destroyed (e.g. soil degradation related to the cultivation of
energy crops) as well as the long-term land use of waste disposal. Also some economic aspects are neglected in Hirschberg, Dones et al. (2004), e.g. insurance coverage of severe accidents and suitability of
energy technologies for the export industry. Payback times are only indirectly considered by its influence
on production costs.

Renn, Hampel et al. (2006)
Renn, Hampel et al. (2006) concentrate on the identification of social criteria for the assessment of energy systems, as described in section 2.2. This is documented by the fact that, on average over all energy
systems, 78% of all social aspects and only 11% of all economic and 20% of all environmental aspects are
covered, as presented in Table 12. Renn, Hampel et al. (2006) best include social aspects in the assessment of energy systems and achieve to cover criteria which are completely neglected by the other two
assessments. In the case of nuclear energy, the acceptability of nuclear energy plants and waste repositories by society and the topic of radioactive waste disposal (i.e. the transfer of responsibility for radioactive waste to future generation) and psychological impacts of severe nuclear accidents are taken into
account.23
In addition, more system-related and long-term aspects are considered, e.g. the ability to react to changing requirements and technological innovations, the proliferation potential of nuclear technology as well
as crowding-out effects and incentives for illegal deforestation and GMO of biofuel energy. In these crite-

23

Social input related aspects of the nuclear energy chain are neglected by the two other studies.
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ria set also economic and environmental aspects are treated, due to their relevance for human beings
and the society. Renn, Hampel et al. (2006) discuss, the distribution of energy income to society, transports24, land use and changes of the characteristic landscape, but other economic and environmental
aspects which are important for the society are not considered, e.g. payback time, suitability of energy
technologies for the export industry and for technology transfer to developing countries and the climate
change mitigation potential of energy systems. Also some social aspects are disregarded. The special
character of nuclear energy due to the radioactivity is only partly considered as the risk of radioactive
exposure of workers is only partly included. In the cases of biofuel and photovoltaic energy the dependence of the development of energy technologies on political decisions and relating consumption rates
are not considered.
The coverage of these many sophisticated social aspects by Renn, Hampel et al. (2006) is given due to the
criterion „Potential of energy system induced conflicts that may endanger the cohesion of societies”.25 As
already mentioned in section 2.2.3, such generally formulated criteria, potentially, cover many impacts of
energy chains on society, but the effective coverage of social impacts strongly depends on the interpretation of these criteria.

Eliasson, Lee et al. (2003)
As in Hirschberg, Dones et al. (2004) the assessment of energy systems of the CETP concentrates on
environmental aspects, but the CETP differs from Hirschberg, Dones et al. (2004) in that some uncertainties and system dynamics are considered, as described in section 2.3. In Connors, Schenler et al. (2003)
various scenarios and energy portfolios and their development are modelled. The complex scenarios and
the monetarization of impacts are very sophisticated. Whereas many influences and dynamics have been
considered in these models, the final indicators for the comparison of scenarios within the trade-off
analysis in Connors, Schenler et al. (2003) is limited to economic and environmental aspects, i.e. costs

24

Only the “contribution to congestion in traffic peak periods through transports to energy facility” is considered (Renn, Hampel et
al. 2006).

25

For example – in the case of biofuel energy – competition with food crops and labour situation and the living condition of harvesters in development countries and – in the case of photovoltaic energy – the aspect of increased social equity and greater
personal freedom.
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and emissions (SO2, PM10, NOx and CO2).26 Other aspects are excluded from this parallel improvement
process.
In the step of MCDM (Haldi and Pictet 2003) as well as in the life cycle analysis and environmental impact assessment in Eliasson, Lee et al. (2003) some other attributes are included in the discussion of
energy scenarios for the Chinese Shandong Province, e.g. water consumption, land use, employment,
current average fatalities per unit of energy and impacts on ecosystem and local biodiversity. Consumables and solid waste production are also considered whereas radioactive waste is not treated explicitly
and only a rough estimation of the confinement time of critical wastes is included.
However, many other sophisticated aspects, for example adequacy of energy technologies to satisfy
future global energy demand, compatibility with renewable energy, energy-saving and efficiency efforts,
climate change mitigation potential and change of the characteristic landscape are not included in the
assessment of energy systems in Eliasson, Lee et al. (2003).
The only social aspects considered are current average fatalities per unit of energy, employment and
fatalities of potential severe nuclear accidents. All other social criteria like proliferation potential of nuclear technology and the perception and the acceptability of energy technologies in the Chinese society
are neglected. The issue of radioactive waste disposal is reduced to the consideration of solid waste
which arises from digging repositories. Moreover it is presumed that Chinese (cultural and environmental) conditions do not significantly differ from Swiss conditions and all results from studies in Switzerland are applicable to the Chinese Shandong Province.

26

Assumptions about the future development of energy supply and demand and future energy technologies are included in the
models of Eliasson, Lee et al. (2003).
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4.2.3 Discussion of Aspect Coverage
The previous section showed that less than half of all identified aspects of the nuclear, biofuel and
photovoltaic energy chain are considered by the three case studies. Hirschberg, Dones et al. (2004) and
Eliasson, Lee et al. (2003) set a strong focus on environmental aspects whereas Renn, Hampel et al.
(2006) concentrate on social aspects. The strength of Renn, Hampel et al. (2006) is, thus, the consideration of many sophisticated social aspects which are neglected in the other two case studies. The strength
of Hirschberg, Dones et al. (2004) and Eliasson, Lee et al. (2003) is the quantification of directly measurable aspects with a relatively short time-horizon, whereas in Eliasson, Lee et al. (2003) also some system
dynamics and uncertainties are taken into account. All three case studies, however, have certain limitations in the consideration of (i) specific aspects with a high level of detail and (ii) systemic aspects connected to system dynamics, uncertainties and future developments. These categories of neglect are described in the following.

Specific Aspects with High Level of Detail
Many aspects connected to details of energy chains are not covered by the more general criteria of the
three case studies. This is due to the fact that these criteria are of a high aggregation level which does
not consider the system relations of high level of detail, e.g. application of agrochemicals, silicon lost
during wafer production and consumption of acid or alkaline solutions. Also social aspects belong to this
category of neglect, e.g. impacts of severe nuclear accidents on infrastructure and the labour situation
and living condition of harvesters of energy crops.
These aspects are of high direct or indirect social relevance in connection with energy systems, but in the
general evaluation of energy systems of the investigated case studies such aspects are not adequately
represented. Current approaches do not cover such specific aspects because the criteria set is not sufficient. Metaphorically speaking using the Brunswikian Lense Model (see section 4.1.2) the focal distance of
the eye is not adequate to resolve these specific subjects.
In order to cover these specific aspects it is necessary to look very closely at system relations based on
concrete energy system data of a high level of detail. In particular, this is important for local socioeconomic structures of society and their requirements for energy systems and, conversely, impacts of
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energy systems on society (Flüeler 2006). This leads to a demand for a more differentiated investigation
of energy systems and their relations to society. This requirement can not be fulfilled by the general
indicators applied in Hirschberg, Dones et al. (2004), Renn, Hampel et al. (2004) and Eliasson, Lee et al.
(2003).

Systemic Aspects
The second category of neglected aspects contains systemic subjects which are often uncertain and
more difficult to quantify. Three general types of currently neglected systemic aspects are identified, (i)
competing dynamic and social demand functions, (ii) long-term social demand functions and (iii) dynamic effects of changes in ecosystem variables. These types of aspects and their relations between
energy systems, society and environment are depicted in Figure 13 and characterised in the following.

Evolution of
Society
(i) Competing dynamic and
social demand functions

Energy Systems

Society
(ii) Long-term social demand
functions

(iii) Dynamic
effects of
changes in
ecosystem
variables

Impact

Environment

Figure 13:

i)

System Relations of Neglected Systemic Aspects of Energy Systems.

Competing Dynamic and Social Demand Functions

The three case studies neglect many system-related aspects which describe dynamic and non-linear
processes and relations between society and energy systems and which also cross the border of individual energy chains. Decisions relating to a certain energy system can lead to impacts which occur in an77

other energy system or layer27 of society. Current approaches do not consider the compatibility of energy
systems with renewable energy, energy-saving and efficiency efforts and connected opportunity costs.
Latter are relevant because different energy portfolio options can be mutually exclusive, i.e. energy systems or several components do not harmonise and investments in one energy system retard investments in other energy systems (e.g. renewable energy technologies) which can entail future costs.
Regarding biofuel energy crowding-out effects and competition of energy and food crops are not considered in the three case studies. Crowding-out effects of biofuel energy can lead to illegal deforestation, as
the replacement of soy cultivations by sugar cane in one region can push the illegal deforestation in
another region with the aim to establish new soy plantations. If the cultivation of energy crops stands in
competition with the cultivation of food crops or food crops can be used for the production of biofuels
too (what leads to price increases), biofuel energy can increase famine in developing countries. These
competing and dynamic social demand functions can be crucial regarding the sustainability of energy
systems. Such complex inter-actions and relating impacts are not covered by current assessment methods.
ii) Long-term Social Demand Functions
Long-term aspects which are related to the future development of energy systems, energy demand and
society are insufficiently considered by the three case studies. Typical aspects of this group are development of energy technology, dependence on political decisions, consensus on how to develop radioactive
waste disposal facilities and transfer of responsibility for radioactive waste to future generations. These
future-oriented aspects are influenced by the general development and evolution of society and the
connected requirements for energy systems and their change over time. It has to be reasoned which
requirements energy systems need to fulfil for a sustainable development until a far future. It is questionable if criteria which aim to evaluate current requirements also are qualified to assess requirements
of future societies. Such considerations are not included in current energy system assessments. These
long-term social demand functions can be crucial regarding the sustainability of energy chains and the
sustainable development of society, in particular to warrant intra- and intergenerational justice.

27
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Referring to the HES paradigm described in the introduction of this thesis.

iii) Dynamic Effects of Changes in Ecosystem Variables
A further systemic subject are dynamic effects of changes in ecosystem variables due to human activities
because „social and natural systems are mutually interdependent, co-evolving with circular causation
and a wide array of other feedback effects” (Kim 2007). This becomes visible in the limited resilience of
ecosystems: The damage of nature can lead to a loss of ecosystem resilience which would lead to a loss
of biological productivity (Arrow, Bolin et al. 1995). This would lead to fatal consequences for the environment and considerably reduce capacity of our planet to support human life. Such dynamic effects of
changes in ecosystem variables, e.g. possible incentives for GMO application of biofuel energy, are not
adequately considered in the three case studies.
These considerations lead to the conclusion that identified aspects – in particular specific and systemic
issues – are not adequately included in current energy system assessments. These aspects and their
assessment are connected to a higher level of uncertainty and imply conceptions about the direction of
development of energy systems in future and, hence, are strongly influenced by values. But it is advisable
to take a look at such aspects because the things we know least about are the most dangerous for society (Douglas and Wildavsky 1983; Beck 2007). New methods or extensions of existing methods are necessary to enable the coverage of these aspects that are relevant for an integrated assessment of sustainability.
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4.3 Alternative Concepts and Approaches
In the last two sections weaknesses of current energy system assessments have been identified by discussing methodical limits and the aspect coverage of the three case studies. From these findings three
main requirements for alternative approaches can be derived:
A. Treatment of Influences of Cultures and Values: It has been shown that participatory approaches have failed to allow for pluralism of perspectives. Generally, this can be achieved by either increasing transparency of influences of cultures and values on assessment results (A.1) or
finding an overarching functional theory as a normative source (A.2).
B.

Consideration of Specific Aspects: It has been shown that current energy system assessments
disregard many specific aspects. A need for the coverage of aspects of a higher level of detail has
been identified.

C. Systemic Aspects: Current methods inadequately consider systemic aspects. These include competing dynamic and social demand functions (C.1), long-term social demand functions (C.2) and
dynamic effects of changes in ecosystem variables (C.3).
In this section eight alternative concepts and approaches to enhance the evaluation of the sustainability
of energy systems are introduced and it is discussed which weaknesses could potentially be enhanced by
these concepts. Table 14 gives an overview on the identified alternative concepts and approaches which
are explained in the following.
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Table 14:

Alternative Concepts and Approaches: A short explanation, relevant references and potential enhancement fields (the meaning of the letters is explained in the text).

Nr.

Title

Explanation

References

Potential
Enhancement
Fields

1.

Cultural Theory (CT)

Application of values derived from dif-

Douglas and Wildavsky

ferent cultural value systems combined

1983; Thompson, Ellis et

with a MCDM approach.

al. 1990; Hofstetter

A.1, A.2

1998; Hofstetter 2000;
Semadeni 2004
2.

Quality of Life (QOL)

Formulation of basic needs for energy

Etzioni 1996; Costanza,

systems by identifying relevant elements

Fisher et al. 2007

A.2

of society.
3.

System Theory

Identification of normative rules by

Cadwallader 1959;

Approach

means of biocybernetics and thermody-

Scholz and Tietje 2002;

namics. This includes (i) Bio-Ecological

Fiksel 2003; Wiek and

Potential Analysis method (BEPA) and (ii)

Binder 2005; Johnston,

Sustainability Solution Spaces for Deci-

Everard et al. 2007

A.2, C.1, C.3

sion-Making (SSP).
4.

National and Interna-

Usage of values represented in law

Meyer-Abich, Schefold

tional Law

which is built by the actual population as

et al. 1986

A.2

a source for normative values for sustainable development.
5.

Social Compatibility

Evaluation of energy systems based on

Meyer-Abich, Schefold

their compatibility with a desired evolu-

et al. 1986; Azar, Holm-

tion and target state of society.

berg et al. 1996; Si-

A.2, C.1, C.2

monis 1999
6.

7.

Philosophical and

Ethics can deliver (i) needed elements

OHara 1996; O'Neill

Ethical Science

and the structure of a fair process for

2001; Rauschmayer

sustainable development and (ii) help to

2001; Frederick 2006;

answer the question if and how interests

Johnston, Everard et al.

of future generations and non-humans

2007; Saez and Re-

have to be considered.

quena 2007

Ecological-

Evaluation of energy systems by means

Lenski 2005; Collins

A.2, B, C.1, C.2,

Evolutionary Theory

of social transformation scenarios in

2006; Hall 2006; San-

C.3

(EET)

respect of technological progress, avail-

derson 2006

A.2

ability of resources and degree of democratisation.
8.

Identification of a

Decision of the society about energy

Scholz 1998; Esping-

Process Toward Sus-

systems as a process and identification

Andersen 2000; Fiksel

tainable Development

of required process and structure ele-

2003; Scholz 2003;

ments.

McDaniels and Gregory

A.1, B, C.1

2004; Stauffacher 2006
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4.3.1 Cultural Theory
Cultural Theory (CT) seeks to define a heuristic concept of culture in operational and scientific terms.
Thompson, Ellis et al. (1990) have identified four archetypes of different ways of life determined by different cultural perspectives, comprising values and beliefs as well as interpersonal relations (Hofstetter
2000). Hofstetter (2000) developed a method how LCA can cope with uncertainty in values and unknown system behaviour by developing separate LCA’s for such different worldviews defined by CT. Similarly, this approach could be realised for a MCDM. Hence, values would be derived from CT instead of by
help of a participatory method. Or a participatory method is complemented by CT to identify general
attitude-linked factors (Semadeni, Hansmann et al. 2004). This would meet the request of Douglas and
Wildavsky (1983) who stated that “only a cultural approach can integrate moral judgments about how to
life with empirical judgments about what the world is like”. Nonetheless, this approach does not include
attitudes, values, and the limited time-horizons of scientists.

4.3.2 Quality of Life
Sociology can show us how society is organised, which roles our values, history and identity play and how
these elements shape our culture (Etzioni 1996). In the approach of Quality of Life (QOL) a minimum set
of needs that occur cross-culturally and over time is identified, based on socio-scientific findings
(Costanza, Fisher et al. 2007). Etzioni (1996) identifies two ranks of needs: basic needs to meet primary
requirements and advanced needs, which is for example self-actualization. An approach to assess energy
systems by help of sociology could include such basic needs, which essentially have to be met, formulated as criteria for energy systems. QOL is even considered as a criteria-category in Renn, Hampel et al.
2006.
However, the identification of criteria for energy systems with the QOL approach would, presumably, be
strongly value-driven. In addition, sustainability is more than the maximisation of individual QOL criteria.
Sustainable development requires high and equally distributed QOL criteria within and between generations. Moreover, high QOL criteria represent just one part of a sustainable world as it represents the individual well-being. This anthropocentric approach does not respect non-human elements such as the
ecological dimension as a part of long-term individual well-being.
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4.3.3 System Theory Approaches
Another approach to obtain normative values can be found in system theory. The idea is to understand
the intrinsic characteristic that facilitate system resilience (Fiksel 2003). Such normative rules can be
derived from (i) biocybernetics by imitating natural systems and (ii) thermodynamics to aim at systems
with lower entropy, as described in the following.
Within Bio-Ecological Potential Analysis (BEPA) biocybernetic rules are used to determine the functions
that a system has to provide (Scholz and Tietje 2002). If humanity or the global ecosystem is seen as a
cybernetic system, theoretically, general rules for the long-term stability of this system can be found.
Scholz and Tietje (2002) refer to feedback concepts which are relevant elements of the self-organisation
and the dynamic equilibrium of such sustainable systems. In Table 15 eight basic biocybernetic rules are
listed.
Table 15:
1.

Basic Biocybernetic Rules (Scholz and Tietje 2002).

Negative feedback must dominate positive feedback, as positive feedback endangers the system by pushing it
above limits.

2.

System growth must be independent of system supply functions, as otherwise long-term stability is risked by
making too many demands on limited resources.

3.

A system should be oriented towards functions not products, as a system shows more flexibility and adaptability when it is function-oriented.

4.

Using a coping strategy for incoming impacts according to the Jiu-Jitsu principle is better than responding
antagonistically.

5.

There should be multiple use of products, functions and organizational structures, to increase energy, resource
and information efficiency.

6.

Fluxes in solid, heat, and other waste products should obey recycling and closed loop waste management
processes also in order to prevent irreversibilities.

7.

Symbiosis through mutual substitution (vicarious mediation) and diversity in the type of connections are desirable in order to establish internal robustness and minimize external dependencies.

8.

Biological design by feedback planning with the environment is essential, as endogene and exogene dynamics
have to be both mastered and used for innovations

83

The Sustainability Solution Spaces for Decision-Making (SSP) in Wiek and Binder (2005) constitute another approach by defining “sustainability ranges” with minimum and maximum threshold values for
sustainability goals. These solutions spaces are guidelines for sustainable decisions and make decisionmakers aware of the synergetic and contradictory effects of their decisions by considering the systematic, the normative and the procedural dimension.
These system theoretical approaches potentially also consider competing dynamic and social demand
functions (C.1) and dynamic effects of changes in ecosystem variables (C.3), but all these approaches
include the same obstacle: the application of these theories requires a translation of the abstract rules in
more concrete and measurable criteria. This translation is normative and general rules of cybernetics and
thermodynamics do not help in this regard, as it has been shown in the case of Hirschberg, Dones et al.
(2004) which is based on a similar sustainability concept.

4.3.4 National and International Law
This approach aims at using values represented in national and international law as a normative source
for a sustainability assessment. Values are particularly represented in national basic laws. These are
common creations of previous and current generations which are democratically accepted. Limits of this
approach are that (i) law is built by the actual population and hence there is no guarantee of a sufficient
consideration of the interests of non-humans and future generations and (ii) law always needs an interpretation as it includes many conflicting aims. Latter is a normative task law itself cannot answer.

4.3.5 Social Compatibility
In the year 1989 the German parliamentary Enquete Commission suggested to assess energy systems by
means of four criteria: profitability, international compatibility, environmental compatibility and social
compatibility (Simonis 1999).28 In order to measure the criteria of social compatibility different methods
were developed, inter alia by Meyer-Abich, Schefold et al. (1986).

28
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In German language social compatibility is named „Sozialverträglichkeit“.

The idea of the concept of social compatibility is to review possible social impacts of technologies and to
examine if, for example, energy systems meet social and human needs. It is an instrument to analyse,
assess and design a technology along structures and evolution of society (Meyer-Abich, Schefold et al.
1986; Simonis 1999). The method for this analysis is a social construction: It has to be discussed how a
society should look like and what evolution of society should be aspired. Afterwards, it can be discussed if
a technology is beneficial or harmful to achieve the desired evolution (A.1, C.2). This discussion potentially
also allows to consider competing dynamic and social demand functions (C.1). However, there is no consensus about the way how social compatibility should be quantified and which method should be used
(Simonis 1999): The definition of the desired evolution is normative and, hence, the result of this method
varies depending on applied values and comprehension of society.

4.3.6 Considerations of Philosophical and Ethical Science
Philosophical and ethical science can contribute to the identification of needed elements and the structure of a fair process. Moreover, these sciences could help to answer the question if and how interests of
future generations and non-humans have to be considered. However, considerations found in literature
show that there is little agreement on what ethics and philosophy effectively can achieve.
The question of how far interests of future generations should be considered is an ethical question
(Frederick 2006). It is, however, disputable how far ethics effectively can help to answer this question.
Saez and Requena (2007) and O'Neill (2001), for example, do not see any possibility to develop a method
which allows the adequate consideration of the interests of future generations. O'Neill (2001) states that
“given the necessary absence of authorisation, accountability, and presence, claims to speak on behalf of
nonhumans and future generations rely on epistemic claims, coupled with care”.
Johnston, Everard et al. (2007) refer to the need for higher ethical standards to give substance to a vision
of sustainability. Other considerations lead to the conclusion that ethics cannot deliver an agreement on
a master principle and only can deliver an agreement on the needed elements and the structure of a fair
process (OHara 1996; Rauschmayer 2001). This would facilitate the approach aiming at an identification
of a process toward sustainable development, described in 4.3.4.
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Rauschmayer (2001), who is evaluating the role of ethics in MCDM methods, claims that MCDM should
not be understood as decision mechanism but as “decision-aid helping social dispute actors with the
support of MC models in the solution finding process”. The argumentation of Rauschmayer (2001) is
based on the normative point of view that decision for sustainability should be able to deal with ethical
pluralism and to include arguments connected to every ethical approach (e.g., anthropocentric, physiocentric of pathocentric).

4.3.7 Ecological-Evolutionary Theory
The Ecological-Evolutionary Theory (EET) presented in Lenski (2005) aims at explaining processes of cumulative, macrochronic and macrostructural change of human societies from a functionalist perspective.
This is accomplished by help of a comparative theoretical framework which integrates (i) technology and
(ii) availability of resources due to the geographical location and biophysical environment as the main
variables. Whereas technology is identified as the most important component of cultural systems, ideology and social organisation are quoted as considerably less important. Lenski (2005) seeks to explain
subsocietal systems (e.g. families or religious groups) without understanding their societal systems in
detail. The understanding of societies is tried to be achieved by a “systematic, comparative study of the
universe of human societies, past as well as present” (Lenski 2005). In Figure 14 it is depicted how different societies develop depending on the level of technology and the type of environment. The industrial
society is described as the current level of technological advance in which all kinds of societies arrive at
some point.
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Figure 14:

An Ecological-Evolutionary Taxonomy of Societies (Lenski 2005).

The evaluation of current energy system assessments showed the requirement for considering specific
and systemic aspects and relations to society (B, C.1, C.2, C.3). In order to say anything about the future of
societies, the past must be investigated and understood first. EET tries to take these points into consideration and aims at understanding historical evolution of societies and to identify the main variables and
drivers. Lenski 2005 identifies (i) increase of wealth and (ii) force preservation as the main drivers for
social evolution. A general schema of EET is depicted in Figure 15.
Based on findings about social evolution and the role of technologies and resources, scenarios about the
future transformation of society and social demand functions for energy systems could be postulated.
For example, it can be observed that physical work became significantly less important during the last
decades and that, in contrast, information and their handling becomes more and more important. Based
on such insights objectives and scenarios about the future development of employment could be postulated. Subsequently, energy technologies and their adequacy for these scenarios could be assessed in this
framework.
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Figure 15:

General Schema of Ecological-Evolutionary Theory.

However, EET involves limits. Some reviewers (e.g. Collins 2006; Hall 2006; Sanderson 2006) criticise the
simplifying abstraction of Lenski (2005) who concentrates on technology and resources as the main
variables to explain social evolution. Other crucial factors such as the nature of political regimes, development of administration and military revolutions are neglected. In addition, it is criticised that major
findings in historical-comparative sociology of the last 30 years are dismissed.
Furthermore, the formulation of objectives, setting up of scenarios and the evaluation of the adequacy of
energy systems for such scenarios depend on normative statements, such as the other approaches described above. Hence, the result of this method depends on applied values and comprehension of society
and EET does not consider scientists’ attitudes, values, and limited time-horizons.

4.3.8 Identification of a Process Toward Sustainable Development
The so far presented alternative approaches aimed at deriving normative information from an overarching functional theory. Even though these approaches include some normative source they depend on
interpretations and bring along new obstacles. Another approach to deal with these obstacles is to concentrate on the identification of a process toward sustainable development.
The idea of this approach is to see the decision of society about energy supply as a continuous process.
This would include the identification and comprehension of energy system elements and their specific
and dynamic interactions as well as the consideration of values and cultural influences in a transparent
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way. The aim of this concept would be the institutionalisation of a reflexive social system (according to
primary and secondary feedback-loops of the HES paradigm), to enforce social demands and to implement technologies in society (Simonis 1999; Scholz 2003). This approach would accomplish the claim to
identify learning for current and future decisions as an explicit objective and not to see sustainability as a
final state that we can reach but as a dynamic and evolving system.
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5 Conclusion and Outlook

A review of current energy system assessments is performed in this thesis. Based on the following three
case studies existing economic, ecological and social criteria are reviewed: (i) the GaBE project of the PSI
(Hirschberg, Dones et al. 2004), (ii) the NEEDS project of the EU (Burgherr 2005; Renn, Hampel et al.
2006) and (iii) the CETP of the ABB (Eliasson, Lee et al. 2003). Regarding the consideration of social aspects, all three case studies are based on the same general methodical approach to (i) evaluate scenarios
or portfolios of energy systems by means of a set of criteria using a MCDM method and to (ii) include
stakeholders or experts to evaluate their preferences and values by means of a participatory approach.
In order to independently identify relevant aspects for a sustainability assessment of energy systems, the
nuclear, biofuel and photovoltaic energy chain are examined in detail. Since this thesis is based on a
systemic view on sustainable development, it is presumed that for an evaluation of energy systems in
the perspective of society, all aspects involving direct or indirect impacts on society are of relevance. This
perspective differs from that of current approaches within which only criteria reflecting topics such as
health, social security, labour market or income are referred to as social.
Finally, the adequacy of current energy system assessments is discussed. First, strengths and weaknesses
of the current methodical approach are identified. Subsequently, the consideration of the independently
identified energy chain relevant aspects in current approaches is evaluated. This is accomplished by
means of confronting the exemplarily identified relevant aspects of energy systems with the criteria sets
of the three case studies. This leads to the following findings:
-

On the one hand, participatory methods facilitate the consideration of interests of current generations, admit a pluralism of perspectives and values of experts, stakeholders and citizens, and are
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transdisciplinary approaches which allow connecting scientific knowledge and practical experience.
On the other hand, participatory approaches have four main limitations: (i) Their results are distorted
by framing effects; (ii) the explicit role of culture and values is not considered; (iii) interests are unequally represented since the eloquence of individual stakeholders is diverse and future generations
and non-humans cannot participate themselves; and (iv) time-horizons of participants are too short
to evaluate alternatives in respect of intra- and intergenerational justice.
-

Linear MCDM methods applied in current energy system assessments enable the evaluation of alternatives in respect of a bundle of qualitative and quantitative aspects. However, limits regarding
the consideration of variances, uncertainties and non-linear system dynamics have been identified in
this thesis.

-

The evaluation of the current consideration of relevant sustainability aspects shows that, numerically, the three case studies neglect more than the half of all identified aspects connected to the nuclear, biofuel and photovoltaic energy chain. The strength of Hirschberg, Dones et al. (2004) and
Eliasson, Lee et al. (2003) is the quantification of directly measurable aspects with a relatively short
time-horizon. The strength of Renn, Hampel et al. (2006) is the consideration of many sophisticated
social aspect. It remains, however, unclear which aspects are effectively covered due to the fact that
criteria are formulated in a very general manner.

-

Two general categories of neglected aspects are identified. First, current approaches neglect many
specific aspects of a high level of detail. This is due to the fact that the criteria of the three case studies are formulated in a general way and, hence, the criteria are related to a higher aggregation level
than several aspects. Secondly, many systemic aspects of energy systems are neglected by current assessment approaches. The three case studies disregard many aspects which describe dynamic and
non-linear relations between society and energy systems. Moreover, the future development of energy technologies and changing social requirements due to the evolution of society as well as dynamic effects of changes in ecosystem variables are not considered.
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These considerations show that (i) relevant methodical limits and (ii) certain relevant sustainability aspects are not taken into account by the three case studies. Hence, it can be concluded that previous
stakeholder-oriented multi-criteria approaches are not able to resolve all the problems of a future oriented
sustainability evaluation connected to energy systems. It is necessary to further discuss these weaknesses
and to find ways how current energy system assessments can be improved in order to move in the direction of a long-term sustainability evaluation.
Based on these findings, a number of alternative evaluation approaches are identified. EcologicalEvolutionary Theory (Lenski 2005) potentially covers most of the identified weaknesses of current energy
system assessment approaches. It is a macro theory explaining long-term social transformation processes by help of a comparative theoretical framework which integrates technology and resources as the
main variables. By means of this theoretical framework, scenarios about the future transformation of
society and connected social demand functions for energy systems could be postulated in order to subsequently evaluate energy system alternatives according to their adequacy for such scenarios. If it is the
aim to discuss future aspects in order to make intra- and intergenerational justice possible, we unavoidably have to deal with the normative character of statements about the validation of future options.
Macro theories such as the Ecological-Evolutionary Theory can help us in doing so.
The identified approaches have to be further analysed in order to examine their applicability. In particular, it has to be evaluated which elements of several approaches can be combined to benefit from the
strengths of each concept. As a further interesting approach, the potential of energy system modelling
should be investigated. The development of a model which integrates quantitative as well as qualitative
aspects potentially allows the coverage of many of the identified weaknesses of current approaches. In
particular, modelling facilitates the integration of feed-back loops and, by varying variables of energy
portfolios, the evaluation of current and future impacts on society.
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Annex A:

Comparative Inventory Data on Energy Chains

Absolute criteria values of system relations shown in Table 1:
Indicator Name

Unit

Sustainability

Input / System

Dimension

Output Boundary

Energy Carrier

Reference

Crossing
Lignite

Hard

Natural

Coal

Gas

Sub Category /

General

Reference Country

Oil

Combine

Nuclear

Cogeneration

Hydro

General

Photovoltaic

Reservoir

d Cycle

Run-of-

General

Wind

CH

Southern Onshore

River

Offshore

Europe
Hirschberg and Dones 2005;

Internal Costs

Rp/kWh

Economic

Input

S. -> En.

4.1

5.7-7.4

4.7-5.8

~9

~9-~13

4.1-5.4

4.0-10.0

2.9-7.4

70-100

n.a.

12.0-24.0

External Costs
Rp/kWh
Energy Transmission TJ

Economic
Economic

Input
S. -> En.
Output ES. -> S.

Years

Economic

Input

Factor

Economic

Output En. -> S.

%

Economic

Input

Copper

kg/GWh

Economic

Peak Load Response

Relative Scale

9.5-18.6 Lignite comes from

n.a.
804.0

3.1-15.8
4777.0

0.8-5.5

n.a.

0.2-1.3
78501.2

0-1.2
63'420.70

small
53504.8

0.1-1.5
69.5

small

108820.0

n.a.
502890.0

0.1-0.6
26.7

400

2000

100

100

500

∞

∞

∞

Hirschberg, Dones et al. 2004

1.6

1.5

1.8

1.8

1.3

1

1.1

1.03

Hirschberg, Dones et al. 2004

Ev. -> En.

80%

80%

80%

80%

80%

40%

9%

20%

Hirschberg, Dones et al. 2004

Input

Ev. -> ES.

13

11

4

12

5

1

230

38

Hirschberg, Dones et al. 2004

Economic

Input

Ev. -> ES.

20

50

100

100

10

30

0

0

Hirschberg, Dones et al. 2004

Relative Scale

Economic

Input

S. -> ES.

100

80

40

20

80

100

100

100

Hirschberg, Dones et al. 2004

%

Environmental

Output ES. -> Ev.

38%

42%

38%

39%

32%

%

Environmental

Output ES. -> Ev.

a

44%

43%

Environmental

km2/GWh

Environmental

Output ES. -> Ev.

0.032

0.039

0.016

0.061

0.0017

0.0009

0.011

0.0029

Hirschberg, Dones et al. 2004

Impact
Land Use
Total Waste

m2/GWh
tons/GWh

Environmental
Environmental

Output ES. -> Ev.
Output ES. -> Ev.

52
84

106
180

47
2

335
11

7
15

92
24

65
66

28
23

Hirschberg, Dones et al. 2004
Hirschberg, Dones et al. 2004

Hirschberg, Dones et al. 2004

Long-term Resource
Availability
Fuel Price Increase
Sensitivity
Resource Availability
(load factor)

Geopolitical
Resources Factors
Net Efficiency
(electric)
Net Efficiency
(thermal)

Ev. -> ES.

58%

84%

88%

12%

12%

25%

small
0.0

25%

Hirschberg and Dones 2005
BFE 2006

Hirschberg and Dones 2005

Hirschberg and Dones 2005

Regional
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Unit

Sustainability

Input / System

Dimension

Output Boundary

Energy Carrier

Reference

Crossing
Lignite

Hard

Natural

Coal

Gas

Sub Category /

General

Reference Country

Oil

Combine

Nuclear

Cogeneration

Hydro

General

Photovoltaic

Reservoir

d Cycle

Run-of-

General

Wind

CH

River

Southern Onshore

Offshore

Europe

Greenhouse Gases

kg CO2eq/kWh

Environmental

Output ES. -> Ev.

1.06E+00

9.70E-01

4.23E-01

5.87E-01

7.31E-01

7.86E-03

4.24E-03

3.05E-03

7.90E-02

5.38E-02

1.50E-02

9.34E-03 Hirschberg and Dones 2005

SO2

kg/kWh

Environmental

Output ES. -> Ev.

7.60E-04

5.67E-04

1.47E+00

1.90E-04

1.04E-03

2.34E-04

4.29E-06

3.97E-06

2.08E-04

1.42E-04

5.44E-05

3.10E-05 Hirschberg and Dones 2005

NOX

kg/kWh

Environmental

Output ES. -> Ev.

7.16E-04

8.15E-04

3.29E-04

1.04E-03

1.06E-03

3.92E-05

2.62E-05

3.15E-05

2.94E-04 2.00E-04

5.50E-05

3.92E-05 Hirschberg and Dones 2005

PM10
Non-radioactive
Radioactive Waste
Severe Accidents
Fossil Resources
Iron Ore
Employment
Proliferation
Human Health

kg/kWh
kg/kWh
kg/kWh
Fatalities/GWh
MJ-Equiv./kWh
kg/kWh
person-years/GWh
Relative Scale

Environmental Output ES. -> Ev.
Environmental Output ES. -> Ev.
Environmental Output ES. -> Ev.
Environmental Output ES. -> S.
Environmental Input
Ev. -> ES.
Environmental Input
Ev. -> ES.
Social
Output ES. -> S.
Social
Output ES. -> S.

1.74E-04
1.57E-01
8.28E-05
5.70E-07
8.55E+00
6.26E-04
0.21
0

1.70E-04
1.24E-01
2.25E-04
2.10E-05 1.00E-05
1.13E+00
1.88E-03
0.86
0.65
0
0

1.82E-05
1.79E-03
1.48E-05

1.94E-05
3.22E-03
2.39E-05

1.08E-05
2.98E-02
1.04E-05

1.75E-05
2.33E-02
6.51E-06

9.77E-05
5.97E-02
2.39E-04

6.65E-05
4.07E-02
1.62E-04

7.71E+00
1.08E-03

9.79E+00
1.44E-03

8.96E-05 1.27E-05
1.38E-02 4.66E-03
2.33E-04 1.16E-02
4.50E-05 2.30E-06 3.40E-07
1.05E+01 1.13E-01
2.29E-03 2.97E-04
0.47
0.16
1.2
0
100
0

3.10E-02
2.18E-04

2.87E-02
3.10E-04

1.14
1.38E-03

7.76E-01
9.38E-04

6.6
0

4.66E-05
9.28E-02
4.37E-05
1.10E-08
1.97E-01
2.80E-03
0.36
0

3.79E-05 Hirschberg and Dones 2005
1.56E-02 Hirschberg and Dones 2005
2.30E-05 Hirschberg and Dones 2005
Hirschberg, Dones et al. 2004
1.13E-01 Hirschberg and Dones 2005
1.63E-03 Hirschberg and Dones 2005
Hirschberg, Dones et al. 2004
Hirschberg, Dones et al. 2004

Impact of Normal

YOLL/GWh

Social

0.02

0.0007

Operation
Local Disturbance
Waste Confinement
Time
Risk Aversion

Output ES. -> S.

0.061

0.068

0.023

0.12

0.005

0.011

1.10E-07

Hirschberg, Dones et al. 2004

Relative Scale

Social

Output ES. -> S.

10

8

2

6

4

5

0

7

Hirschberg, Dones et al. 2004

Thousand Years

Social

Output ES. -> S.

50

50

0.01

0.1

1000

0.01

50

1

Hirschberg, Dones et al. 2004

Max

Social

Output ES. -> S.

10

500

100

4500

50000

2000

100

5

Fatalities/Accident

Hirschberg, Dones et al. 2004
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Annex B:

Sustainability Criteria of Running and Completed
Projects

Criteria Set of Hirschberg, Dones et al. (2004)
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Social Criteria in Renn, Hampel et al. (2006)

Criteria-Category „Security/Reliability of Energy Provision” (Renn, Hampel et al. 2006):

109

Criteria-Category “Political Stability and Legitimacy” (Renn, Hampel et al. 2006):

110

Criteria-Category “Social and Individual Risks” (Renn, Hampel et al. 2006):
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Continuation of Criteria-Category “Social and Individual Risks” (Renn, Hampel et al. 2006):

112

Criteria-Category “Quality of Life” (Renn, Hampel et al. 2006):
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Continuation of Criteria-Category “Quality of Life” (Renn, Hampel et al. 2006):

114

Social Criteria in Eliasson, Lee et al. 2003

MCDM Criteria for CETP: Economy (Haldi and Pictet 2003):

MCDM Criteria for CETP: Health and Environment (Haldi and Pictet 2003):
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MCDM Criteria for CETP: Sub-criteria 2.3 and 2.5 (Haldi and Pictet 2003):

MCDM Criteria for CETP: Society and Technology (Haldi and Pictet 2003):

116

