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USE OF EXTERNAL COST ASSESSMENT AND MULTI-CRITERIA DECISION
ANALYSIS FOR COMPARATIVE EVALUATION OF OPTIONS FOR ELECTRICITY

SUPPLY

St. Hirschberg, R. Danes, U. Gantner

The paper addresses external cost and multi-criteria analyses carried out for selected future electricity
generating systems of interest under the Swiss conditions. The external cost estimates are based on an
application of the "impact pathway aproach", enhanced by earlier experience from extensive Life Cycle
Assessment (LCA). The estimated total costs, i.e. the sum of internal and external costs, may serve as a
measure of economic and environmental efficiency of energy systems. The multi-criteria approach allows
a more explicit consideration of the social dimension, which is highly important for the decision-making
process. The applications of multi-criteria analyses illustrate the sensitivity of the results to the range of
preferences expressed in the energy debate. Certain patterns in system ranking can be observed in spite
of these sensitivities. Both total cost assessment and multi-criteria analysis are found to be useful, com-
plementary instruments to support procedures for decision-making.

1 INTRODUCTION

Costs of energy production have two components:
internal (production costs) and external. The non-
internalized damage to the environment and to
health are referred to as external costs, as they are
currently not reflected in the market price of electric-
ity. External cost estimates, if accepted by decision-
makers, are highly attractive as directly comparable
measures of system performance. It has been pro-
posed by some authors that the total system-specific
cost of energy production can serve as an inte-
grated, relative indicator of sustainability, since it
reflects the economic and environmental efficiency
of energy systems (e.g. [1]). One objection to this
proposition is that the social dimension, which plays
a central role in the decision-making process, does
not come to the surface when systems ranking is
based purely on costs. Taking nuclear power as an
example, issues such as high-level, long-lived radio-
active waste, hypothetical severe accidents and
proliferation contribute only marginally, or not at all,
to the external costs. At the same time, such issues
remain controversial, and depend on the socio-
political perspectives of those involved; these can be
of very high importance for the decision process.

A number of criticisms of the cost-benefit analysis,
including its extended version employing the so-
called "contingent valuation" (used within the exter-
nal cost accounting framework), have been summa-
rized in [2].

The multi-criteria approach acknowledges that the
questions to be answered are somewhat beyond the
"analytical fix". At the same time, the application of
multi-criteria decision analysis allows extensive use
of the acquired knowledge on systems performance
in a process which is also open to the accounting of
values. Using such a procedure, one can arrive at
different best options under various socio-political
perspectives [3].

Both total-cost-assessment and multi-criteria ap-
proaches were applied to compare analyses of se-
lected candidate systems for the future electricity
supply in Switzerland. In this context also, some

evaluations addressing systems performance under
the sustainability constraint were carried out.

2 CHARACTERISTICS OF FUTURE TECH-
NOLOGIES

At present, the Swiss electricity supply system is
based on hydro and nuclear power, with very minor
contributions from fossil fuels. This means that the
current electricity generation is practically CO2-free.
Various technological alternatives are being consid-
ered as potential replacements of the currently op-
erating nuclear power plants following their
(planned) final shut-down. These include: Coal
(Pressurized Fluidized Bed Combustion, PFBC), Oil
(Combined Cycle, CC), Gas (CC), Nuclear (Evolu-
tionary LWR Designs), Hydro (Large Dams), Solar
(Amorphous Photovoltaic (PV) Roof Panels), and
Wind (Wind Turbines). It should be noted that hydro
power has a very limited expansion potential in
Switzerland while, given strong promotion and ac-
ceptance of the associated cost increases, solar and
wind energy could, in the next 20-30 years, contrib-
ute together up to 1% of the total electricity mix.
Expansion of renewable energy is consistent with
the commitment to the reduction of Greenhouse Gas
(GHG) emissions: a central goal of the Swiss energy
policy. This goal is hard to reconcile with large
expansion of fossil-based generation, which would
be the practical consequence of abandoning nuclear
power in the future. It is essential to keep this aspect
in mind when contemplating the results of evalua-
tions which are here based on a very broad set of
criteria.

Table 1 summarizes some central, technological,
environmental and economic parameters for the
selected reference options. Technological advance-
ments expected to be achieved in the next 10-20
years have been credited on the basis of extensive
input received directly from major power plant manu-
facturers, and on our own studies. The assumptions
are fully realistic for most systems, and tend to be on
the optimistic side for PV with regard to environ-
mental performance and costs. On the other hand,
for wind energy, a somewhat better performance
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could be feasible given use of units with higher
power level. The cited emissions are based on very
detailed Life Cycle Assessment (LCA), reflecting the
Swiss-specific conditions in terms of the structure of
energy chains (geographical location of various
chain stages, material production, transport, compo-
sition of electricity inputs), as well as climatic condi-
tions of relevance for the renewable systems [4].
Remarkable emission reductions are achieved in
comparison with currently operating fossil and PV
systems.

Table 1 : Technical parameters, LCA-based emis-
sions and generation costs of future sys-
tems (mainly following [4,5]).
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The emissions are divided into two parts: the direct
ones from the power plant itself (given under "Power
Plant"), and the direct ones from other stages, plus
the total indirect ones from the whole chain (given
under "Rest of the Chain").

3 EXTERNAL AND TOTAL COST ESTIMATES

The external cost estimates are based on applica-
tions of the "impact pathway approach", established
in the EU ExternE Project [6]. The pathways of pol-
lutants are followed from the point of release to the
point where damage take place. Quantification of
health and environmental impacts is achieved
through the damage function. The calculations for
fossil power plants were performed using the single-
source version of the EcoSense software [7]. These
plants were all assumed to be located at the site of
one of the currently operating nuclear power plants.
Since, as a result of spectacular power plant per-
formance improvements, emissions of SOx, NOx
and particulates from other energy chain stages,
together with the indirect ones, dominate over the
direct emissions from power plants (also in the case
of fossil systems), particular attention has been
given to the associated damage. In this context,
given very detailed background in terms of the avail-
able LCA inventory studies, it was possible to quan-
tify the dominant contributions, taking into account

the specific structure of the chains (i.e., geographic
location of various stages, material production,
transport, and composition of electricity inputs). This
information is used for the estimation of impact-
relevant pollutant emission proportions, and the
associated damages are then calculated using the
normalized (per ton), pollutant-specific damage
costs.

Figure 1 shows the resulting external environmental
costs covering public health damage, and damage
to crops and materials [8]. The dose-response func-
tions for health effects due to major pollutants used
in these calculations are identical to those originat-
ing from the ExternE Project [6]. The same applies
to the highly uncertain impacts of global warming,
based on the results obtained in ExternE using the
FUND 1.6 and Open Framework models [9]. The
considered global warming impacts include: health,
agriculture, water supply, sea level rise, ecosystems
and biodiversity, and extreme weather events. The
range of values shown for global warming is re-
garded as "illustrative": i.e., it does not reflect the full
uncertainty range. In the present analysis, occupa-
tional health impacts were not included. Also, local
disturbances, such as noise or visual amenity, which
may be particularly important for hydro and wind
technologies, were not quantified.

For comparison, total costs for the current systems
are shown in Fig. 2 [10]. Ranges provided for the
production costs reflect the actual differences be-
tween plants operating now in Switzerland. For coal
and gas plants, the expected direct costs are those
which would arise if the plant would be built in Swit-
zerland today. The ranges for external costs are
valid for current (mostly modern) technologies in the
EU for various conditions (location, meteorology,
population density). The ranges are also expected to
bracket the Swiss conditions. The set of dose-
response functions, and the global-warming damage
estimation models, are the same as in Fig. 1.

Recently, a new set of dose-response functions for
the major air pollutants has been published [11], and
subsequently adopted in Ecosense [7]. It is based
on the same US study by Pope et al. [12] as the
previous one, but the appropriate adaptation to
European conditions has led to significantly lower
impacts, particularly for chronic mortality. Further-
more, new results have been reported for global
warming damage, and these have been recom-
mended for use in external cost assessments [13].
Also in this case, in comparison with earlier results,
lower impacts are estimated. Implementation of
these new findings for the Swiss conditions, and for
future technologies, leads to the results shown in
Fig. 3.

The use of the new dose-response functions for
combustion products (including secondary particu-
lates) reduces the corresponding damages by typi-
cally a factor of 2.5. There is also a strong reduction
in external costs due to global warming, though this
part remains somewhat speculative.
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Fig. 1: Internal and external (environmental) costs
for future electricity supply systems operat-
ing under Swiss conditions [8]. This set of
results employs dose-response functions for
major pollutants, and global warming dam-
age estimates from ExternE 1998 [6,9].
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for current electricity production systems
[10]. For each energy carrier, two cases are
shown: one representing the lower range of
values, and the other representing the upper
range. As in Fig. 1, this set of results em-
ploys dose-response functions for major pol-
lutants, and global warming damage esti-
mates from ExternE 1998 [6,9].
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Fig. 3: Internal and external (environmental) costs
for future electricity supply systems operat-
ing under the Swiss conditions. This set of
results employs the new dose-response
functions for major pollutants [11], and the
latest recommended global warming dam-
age estimates [13]. The uncertainty range
for global warming reflects the minimum and
maximum values.

Fig. 4: External cost contributions from power
plants and the rest of the chain (including
damages due to indirect emissions). The re-
sults are for future systems, and reflect the
most recent exposure-damage functions.
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Fig. 5: External cost contributions from various
pollutants. The results are for future sys-
tems, and reflect the most recent exposure-
damage functions [11, 13]. Damages due to
secondary particulates (sulphates and ni-
trates) are allocated to their precursors, i.e.
SO2 and NOX, respectively.

Based on the latest set of results for the future sys-
tems, Fig. 4 shows the relative contributions of the
plant and the rest of the chain (including indirect
emissions), demonstrating also, in the case of fossil
systems, the dominance of the latter. This finding
differs from the results of the ExternE Project [6],
and can be attributed to the improved modelling
possible, due to the availability of detailed LCA-
inventories.

Figure 5 shows the relative contributions of the vari-
ous pollutants.

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, and the general
trend towards lower estimates, 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.
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Although uncertainties are relatively large, and sub-
ject to changes resulting from increased knowledge,
the ranking of supply options based on total costs is
considered as quite robust. As expected, the esti-
mated external costs associated with hypothetical
nuclear accidents and nuclear waste are negligible.
In spite of the credit given to technological ad-
vancements, further drastic reduction of internal
costs is necessary for PV (under the Swiss climatic
conditions) to reduce costs to a competitive level.
Generally, the damage to materials and crops is two
or more orders of magnitude lower than damage to
health.

4 MULTI-CRITERIA ANALYSIS

The input to multi-criteria analysis stems from a sys-
tematic, multi-disciplinary, bottom-up methodology
for the assessment of energy systems, established
and implemented by PSI [14]. This framework cov-
ers environmental analysis (based on Life-Cycle
Assessment, LCA, and on Environmental Impact
Assessment, EIA), severe accident risk assessment
(based on the retrospective analysis of past acci-
dents, and on Probabilistic Safety Assessment,
PSA), and on economic studies. The analyses are
supported by the extensive databases developed in
this work. One of the products is the aggregated
indicator associated with the various evaluation cri-
teria.

The set of criteria and indicators used in the full
analysis is shown in Table 2, along with the basic
set of weights. On the highest level, the weights are
equally distributed between the three main compo-
nents, thus following the principle that sustainability
ultimately calls for equal importance being given to
all of them. The weights given to lower level criteria
may, in most cases, be regarded as arbitrary. Never-
theless, with some exceptions (e.g. social compo-
nents of wastes and severe accident risks [15]), the
ranking of systems remains relatively stable, given a
moderate variation of weights. In the base case,
some of the sub-criteria associated with Non-
Pollutant Effects (Local Disturbances), Waste (Con-
finement Time) and Severe Accidents (Risk Aver-
sion), are allocated to the Social Class of criteria.

Figure 6 shows a series of runs. Case 3 basically
corresponds to the "Total Costs" case of Fig. 1, and
gives similar ranking, though more favorable to wind
energy. Case 4 is less favorable to nuclear in rela-
tion to gas. Case 6, which employs all three criteria
classes, has a similar structure, with PV profiting
most from fully including the socially-oriented crite-
ria. Figure 7 illustrates the sensitivity of results to a
range of preferences expressed in the energy de-
bate.

Table 2: Structure of the Base Case: criteria, indica-
tors, and the evaluation basis for their
quantification, units and weights.
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Various weighting schemes have been employed on
the level of main criteria (Economy, Health &
Environment, Social Classes): i.e., "equal weights"
(corresponding to Case 6 in Fig. 6, "economy-
centered", "environment-centered" and "socially-
centered"). While nuclear energy ranks clearly better
than gas under economic and/or health & en-
vironment-centered criteria, its performance is poor
when social criteria are emphasized.
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Case 1: Health and Environmental Criteria only, with
the "social components" of Non-Pollutant Effects,
Waste and Severe Accidents included
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with much higher weights allocated to the "social
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Fig. 6: Multi-criteria analysis of future systems,
based on subsets and full set of criteria, re-
spectively.

Case 6: Full set of criteria, base case (repeated for
clarity)
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Case 10: Full set of criteria, sensitivity case for nu-
clear (strong limitation of consequences of hypo-
thetical accidents, radical reduction of waste con-
finement time)
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Fig. 7: Multi-criteria analysis of future systems: sen-
sitivity to preferences.

The last case in Fig. 7 shows the results obtained for
the Base Case, assuming future nuclear develop-
ments leading to much decreased risk aversion (as
a result of design-based limitation of worst possible
accident consequences), and to the reduction of the
necessary confinement time to an historical time-
scale.

5 CONCLUSIONS

For the Swiss case, environmental external cost and
multi-criteria analyses were carried out for selected
future electricity generating systems of interest un-
der Swiss conditions. The ranking of future electricity
systems, based on total (internal and external)
costs, is consistent with the corresponding ranking
for current systems, with hydro and nuclear at the
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lower cost range, and Photovoltaic solar at the
higher. The new feature of the approach is the use
of detailed Life Cycle Inventories as guiding input for
impact assessment. This leads, in comparison with
the previously published EU and US studies, to
higher estimates and higher (partially dominant)
contributions from stages of energy chains other
than power plants. On the other hand, the
implementation of the new dose-response functions
for major air pollutants, and of the latest rec-
ommended estimates of damages to global
warming, lowers the external costs. The estimates of
damage costs due to global warming remain
extremely uncertain, which makes their applicability

The mum-criteria approach allows extensive use of
the acquired knowledge on system performance in a
process which is also open to accounting of values.
The results show 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. Rank-
ing based on the three pillars of sustainability (econ-
omy, environment, social) is relatively robust, pro-
vided these pillars are considered equally important,
and the weighting of lower level criteria (e.g. finan-
cial requirements, impact on human health, and
effects on employment) are subject to variation.
Putting emphasis on economy penalizes renew-
ables, emphasis on environment penalizes fossil
systems, and emphasis on social aspects penalizes
nuclear. Developments towards strong limitation of
the consequences of hypothetical nuclear accidents,
along with radical reductions in 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.

The two assessment approaches used are partially
complementary and, as such, very useful. The
choice of the most suitable approach will depend on
the purpose of the evaluation.
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