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Introduction 
The electric utility sector is of central importance for economic growth and social 
development. While numerous societal and economic benefits arise from electricity 
production, it can also have impacts which may not be fully and unanimously 
reconciled with the concept of sustainability. Moving the electricity sector towards 
sustainable development calls for the integration of environmental, social and 
economic aspects in the decision-making process. As an input to such a process, one 
needs to assess how the different options perform with respect to specific 
sustainability criteria. 
As a part of the "Comprehensive Assessment of Energy Systems", carried out by the 
Paul Scherrer Institute (PSI), the electricity and heat supply systems are examined in 
view of sustainability criteria and the associated indicators, thus allowing 
operationalization of the sustainability concept [1]. 
 
Analysis Approach 
A systematic, multi-disciplinary, bottom-up methodology for the assessment of energy 
systems, has been established and implemented. Figure 1 illustrates the assessment 
methods used and the basic interactions between the various modules. 
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Figure 1 Integrated framework for comprehensive energy systems analysis. 
The overall approach is process-oriented, i.e. the technologies of interest and their 
features are explicitly represented, thus enabling a straight-forward accounting for 
technological improvements. The following summary of methods used is limited to 
approaches which enable generation of indicators associated with the various 
sustainability criteria. 
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Detailed environmental inventories for current and future energy systems during 
normal operation are established [2,3]. Full energy chains are covered, including fuel 
extraction and conversion, energy production and waste management. All systems are 
described on a “cradle to grave” basis, with each step in the chain being decomposed 
into construction, operation and dismantling phases. Material inputs and transportation 
needs are accounted for in connection with all energy chain stages. The approach 
allows the coverage of: (a) the direct emissions and other burdens from the entire 
lifetime of power plants as well as all relevant processes upstream and downstream 
within each energy chain; and (b) the indirect emissions and other burdens associated 
with material and energy inputs. 
Severe accident risks are addressed based on the examination of historical 
experience world-wide and by employing Probabilistic Safety Assessment (PSA) 
techniques. In this context a comprehensive database ENSAD (Energy-related Severe 
Accident Database) has been established [4]. Also in this case the full energy chains 
are covered. In the evaluations particular attention is being paid to the applicability of 
historical data to the cases being analyzed. A broad spectrum of damage categories is 
addressed including fatalities, serious injuries, evacuations, land or water 
contamination, and economic losses. 
The environmental impact analysis allows the estimation of pollutant concentrations 
and depositions resulting from emissions of the major pollutants. The estimation of 
environmental external costs, i.e. health and environmental damages currently not 
included in energy prices, is based on the “impact pathway” approach. The steps 
involved in this approach are: technology and site characterization, prioritization of 
impacts, quantification of burdens (emissions and other), description of the receiving 
environment, quantification of impacts (using whenever applicable dispersion models 
for atmospheric pollutants and dose-response functions), and economic valuation. 
Thus, the pathways of pollutants are followed from the point of release to the point 
where damage takes place. 
External costs estimates represent a highly aggregated indicator of environmental 
performance. The total (“true”) costs of electricity production by different means are 
established by combining internal costs with the external ones [5]. It has been 
proposed by some authors that the total system-specific cost of energy production 
could serve as an integrated relative indicator of sustainability since it reflects the 
economic and environmental efficiency of energy systems. 
Another approach to aggregation is based on the applications of multi-criteria decision 
analysis (MCDA). The use of the multi-criteria framework allows decision-makers to 
simultaneously address the often conflicting economic, ecological and social criteria. In 
comparison to the total cost assessment, MCDA brings to the surface the social 
dimension. Case studies have been conducted in order to evaluate the performance of 
energy systems with respect to sustainability. Current applications involve extensive 
use of the acquired detailed knowledge on system performance in a process that is 
also open to accounting for values [5]. 
 
Results Examples 
As indicated above the implementation and applications of the various assessment 
methods is inspired by principles adopted from Life Cycle Assessment. Some of the 
indicators used are directly generated by LCA. Table 1 provides a subset of indicators 
used. The full scope analysis covers a broader set. 
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Table 1 Selected (example) indicators for current and future systems. The upper 
row gives a range for current systems in operation in Western Europe; the 
lower row corresponds to values for the best future options under Swiss-
specific conditions for a time horizon of about 20 years [6]. 

Energy chain 
Indicator Unit Hard coal 

Natural 
gas Nuclear 

Hydro 
(storage) 

Solar 
Photovoltaic 

Fuel reserves years 160 - 2 300 70 - 170 120 - 400 ∞ ∞ 
Material 
consumption 
(copper ore) 

kg/GWhe 
14 – 19 

59 
16 
8 

7 – 9 
4 

< 1 
< 1 

270 – 1 600 
350 

Greenhouse 
gases 

t(CO2-äq)/ 
GWhe 

950 – 1 200 
770 

530 
390 

8 – 29 
6 

4 
4 

110 – 260 
44 

Sulphur 
dioxide 

kg(SOx)/ 
GWhe 

920 – 25 000 
520 

260 
150 

56 – 150 
33 

8 – 10 
7 

700 – 3 600 
160 

Inorganic 
waste in 
repository 

kg/GWhe 
5 800 - 54 000 

4 000 
1 500 
1 100 

650 - 1 200 
600 

30 
30 

4 900 - 10 000 
1 600 

High- and 
middle radio-
active waste 

kg/GWhe 
0.13 – 0.20 

0.04 
0.04 
0.004 

9.0 – 11.0 
2.4 

0.006 
0.002 

0.6 – 1.2 
0.06 

Production 
costsa Rp./kWhe 

5.7 - 7.4 
6.3 

4.7 - 5.8 
4.7 – 8.2 

5.1 - 7.5 
5.7 – 7.2 

4 – 21 
12 - 16 

70 – 140 
45 

External 
environmental 
costs a 

Rp./kWhe 
3.1 - 15.8 
5.1 – 8.6 

0.8 - 5.5 
2.5 – 4.2 

0.2 - 1.3 
0.3 – 0.4 

0 - 1.2 
0.1 

0.1 - 1.5 
0.5 – 0.7 

a1 Rp (1 Swiss cent) corresponds to about 0.6 US cents. 

The question how sustainable are the various options can be answered in the relative 
sense by use of the two aggregation approaches (total costs and MCDA). The total 
costs may be deduced by putting together production and external environmental 
costs given in the table. Both for current and future systems, coal and oil chains exhibit 
the highest environmental external costs which, in spite of the dramatic performance 
improvements for future systems, remain significant. The damage costs associated 
with natural gas are the lowest among the fossil chains. The nuclear chain exhibits low 
damage costs, on the same level as wind and PV. The lowest damage costs of all 
apply to hydro-power. In terms of total costs nuclear power exhibits excellent 
performance, by far superior to solar Photovoltaic. The latter is burdened by high solar 
cell production costs. 
One objection to the proposition of total costs being used as the measure of 
sustainability is that the social dimension, which plays a central role in the decision 
process, does not come to the surface when systems ranking is purely based on 
costs. Taking nuclear power as an example, issues like high level long-lived 
radioactive wastes, hypothetical severe accidents or proliferation, contribute marginally 
or not at all to the external costs. At the same time such issues remain controversial 
and depending on the socio-political perspective of those involved, can be of very high 
importance for the decision process. 
The multi-criteria approach allows extensive use of the acquired knowledge on system 
performance in a process that is also open to accounting for values. The results show 
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[5] that using multi-criteria analysis based on criteria with the corresponding scope as 
the total cost assessment, i.e. equally weighted health and environmental impacts and 
production costs, leads to a very similar system ranking. Ranking based on the three 
pillars of sustainability (economy, environment, social) is relatively robust when these 
pillars are considered equally important and the weighting of lower level criteria (e.g. 
financial requirements, human health impacts or employment effects) is subject to 
variation. Putting emphasis on economy penalizes renewables; emphasis on 
environment penalizes fossil systems and on social aspects nuclear. Developments 
towards strong limitation of consequences of hypothetical nuclear accidents along with 
radical reduction of waste confinement times have a highly favorable impact on the 
ranking of the nuclear chain. With few exceptions, coal and oil are in relative terms 
generally at the low end, with gas having a quite balanced profile. 
 
Conclusions 
An evaluation employing a variety of  sustainability criteria results in a differentiated 
picture of the merits and drawbacks of the currently available electricity supply options. 
No single system exhibits a superior performance on all criteria. The fossil systems are 
subject to limited energetic resources and show relatively unfavorable ecological and 
risk features. Natural gas is the best performer among fossil energy carriers. Thanks to 
its hydro and nuclear base the present Swiss electricity supply system exhibits an 
excellent environmental performance. This is reflected in very low external costs for 
these systems. Nuclear energy has within the western world an excellent safety 
record, reflected in very low estimates of technical risks. The sensitive issues for 
nuclear energy include risk aversion and the necessity to assure safe storage of small 
volumes of radioactive wastes over extremely long period of time. The “new” 
renewables (solar and wind) are environmentally superior to fossil sources but use 
large amounts of non-energetic material resources, may require large land areas when 
implemented on a large scale and have in the short to medium term strongly 
constrained potential as major suppliers of electricity. The solar photovoltaic systems 
produce relatively large amounts of wastes and their economic competitiveness is 
particularly under the Swiss conditions extremely low. Individual social preferences 
that could be expressed by relative weighting of the various criteria may lead to 
different internal rankings of  the options, for example of nuclear relative to natural gas.  
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