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1. Introduction

The public, opinion leaders and decision-makers ask for clear answers on issues
concerning the energy sector and electricity generation in particular. Is it feasible to
phase out nuclear power in countries extensively relying on nuclear electricity
supply and simultaneously reduce greenhouse gas emissions? What are the
environmental and economic implications of enhanced uses of cogeneration
systems, renewable sources and heat pumps? How do the various energy carriers
compare with respect to accident risks? How would internalisation of external costs
affect the relative competitiveness of the various means of electricity production?
What can we expect from the prospective technological advancements during the
next two or three decades? Which systems or energy mixes come closest to the ideal
of being cheap, environmentally clean, reliable and at the same time exhibit low
accident risks?

The Swiss GaBE Project on "Comprehensive Assessment of Energy Systems"
provides answers to many issues in the Swiss and international energy arena. A
systematic, multi-disciplinary, bottom-up methodology for the assessment of energy
systems, has been established and implemented. It covers environmental analysis,;
risk assessment and economic studies, which are supported by the extensive-:
databases developed in this work. Apart from technical and economic aspects an
integrated approach needs to consider also social preferences.

The applications of multi-criteria analysis within GaBE demonstrate the use of a
framework that allows decision-makers to simultaneously address the often
conflicting socio-economic and ecological criteria. Case studies are being conducted
in order to evaluate the performance of energy systems with respect to
sustainability. Based on these experiences EnergyGame, a tool primarily intended
for communication but having a substantial analytical power, has been developed. It
offers any interested user to evaluate the various electricity supply options by
combining the established knowledge base (represented by the major aggregated
GaBE results), with own preferences. In this way the acquired, scientifically based
insights on controversial matters such as severe accidents risks may be fully utilised
but space is left for accounting for personal values.
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2. Analysis Framework, Methods and Databases

Figure 1 shows the analysis framework developed for the comprehensive analysis of
energy systems. It employs a number of methods for technology assessment,
supported by the associated databases. 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 technical improvements.
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Figure 1: Analysis framework for comprehensive assessment of energy systems.

Detailed environmental inventories for current and future energy systems during
normal operation have been established using Life Cycle Assessment (LCA) [1],
[2]. Considered are: (a) the direct emissions 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 associated with material and energy inputs.

The environmental impact analysis is currently based on a mesoscale dispersion
model for the simulation of transport and chemistry of airborne pollutants, including
among others SOX, NOX, VOCs and particulates [3]. Concentrations and depositions
are assessed for various scenarios. The links of the dispersion model with
environmental and health impact models lead to the calculation of total impacts.

Severe accident risks are addressed based on the examination of historical
experience world-wide and by employing Probabilistic Safety Assessment (PSA)
techniques [4]. Particular attention is being paid to the applicability of historical data
to the cases being analysed.
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For energy economics the MARKAL models with the associated databases for the
Swiss energy sector are used to study medium- to long-term structural changes on
Swiss energy markets, to assess the importance of new energy technologies in
meeting different policy goals, and to analyse the Swiss options to curb emissions of
greenhouse gases as well as other air pollutants [5]. MARKAL models minimise the
cumulative costs of various energy policies while all candidate technologies of each
energy market compete against each other for winning market shares.

3. Electricity Generation Systems Performance

A wide spectrum of ecological, economic and social criteria are addressed in the full
scope analysis. Here, specific results are presented only for severe accident risks and
wastes.

3.1 Severe accident risks

Risks associated with major accidents in the electricity sector is a much debated
issue. Table 1 shows the number of severe accidents involving fatalities and the
estimated number of immediate fatalities per unit of energy produced. Significant
differences exist between the aggregated, normalised damage rates assessed for the
various energy carriers. One should, however, keep in mind that from the absolute
point of view the fatality rates are in the case of fossil sources small when compared
to the corresponding rates associated with the health impacts of normal operation.
On the world-wide basis the highest immediate fatality rates associated with severe
accidents apply to hydro followed by oil, coal, natural gas and nuclear. The rates are
for all considered energy carriers significantly higher for the non-OECD countries
than for OECD countries. For hydro and nuclear the difference is in fact dramatic.

Table 1: Experience-based aggregated severe accident risk indicators for full
energy chains [4].

Energy
Chain

Coal

Oil

Natural Gas

Nuclear

Hydro

Number of
severe

accidents
world-wide
1969- 1996

187

334

86

1

9

Number of immediate fatalities
[per GWt year]

World-wide

3.4-10"1

4.2-10'

8 . 5 1 0 2

8.4-10"3

8.810 '

OECD

1.4-10"1

3.9 10 '

6.6-10-2

0

4.0-10"3

Non-OECD

5.1 10 '

4 .610 '

1.110'

5.3 102

2.2
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With respect to delayed fatalities, particularly relevant for the nuclear chain, the
Chernobyl-specific results are in view of the drastic differences in design, operation
and emergency procedures not applicable to OECD countries. Given lack of
statistical data, results of state-of-the-art PSAs for representative western plants may
be used as the reference values (they are typically in the range 0.01 - 0.1 delayed
fatalities per GWt year).

The frequency-consequence curves (Figure 2) for the various energy chains
implicitly reflect the above ranking but provide also such information as the
observed or predicted chain-specific maximum extents of damages. This perspective
on severe accidents may lead to different system rankings, depending on the
individual risk aversion. The curves for coal, oil, natural gas and hydro chains are
based on historical accidents world-wide in the period 1969-1996 and show
immediate fatalities. For the nuclear chain the immediate fatalities are represented
by one point (Chernobyl) and delayed fatalities by a range of values for the same
accident. The results for the Swiss nuclear power plant Muhleberg originate from
the plant-specific PSA and reflect latent fatalities. It cannot be excluded that
application of PSA to energy chains other than nuclear could lead to identification
of scenarios with higher consequences than the ones experienced historically. Also
for photovoltaic (PV) relatively large accidents might happen in connection with the
production of solar cells as well as in transportation or storage of substantial
quantities of the involved toxic chemical substances. For wind plants the potential
for severe accidents is small and limited to missiles from plant operation.
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Figure 2: Frequency-consequence curves for full energy chains world-wide [4].
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3.2 Wastes

Table 2 shows selected categories of radioactive and non-radioactive wastes, i.e.
waste in sanitary landfill (inert materials, especially from the construction sector and
mining), waste in chemical landfill (inorganic waste with potentially high
concentration of pollutants), low and short-lived medium radioactive waste as well
as high and long-lived medium radioactive waste to be disposed of in geological
repositories. The results represent the range of LCA values for UCPTE (Union for
the Coordination of Production and Transmission of Electricity) countries except
where otherwise noted. Wind energy produces the smallest waste volumes. The
highest volumes of non-radioactive waste originate from the coal chain. For non-
radioactive wastes in most waste categories hydro, nuclear and gas chains show low
waste volumes and photovoltaic significantly higher. Not surprisingly the nuclear
systems generate by far the largest amounts of radioactive wastes. Within the LCA
approach an appropriate share of radioactive wastes is also allocated to non-nuclear
systems, mostly resulting from the electricity mixes used to support various stages
of the energy chains.

Table 2: Selected waste categories for current full energy chains associated with
power plants located in UCPTE countries (after [2]).

Energy Chain

Hard Coal

Oil

Natural Gas (D)

Nuclear

Hydro (CH)

Photovoltaic b (CH)

Wind (CH)

Waste in
sanitary landfill

(kg/GWhe)

178000-247000

2300-4000

34500

3100-8500

20550

15400-24000

4750

Waste
(inorganic) in

chemical landfil

(kg/GWhe)

5800-54000

3100-4000

1500

650-1200

30

4900-10000

650

Low and short
lived medium

radwaste a

(m3/GWhe)

8.2-10-4- 1.3 io-
3

5.5-10-4-7.1 io-
4

2.4-10-4

4.810-2-9.610-
2

3.7 10-5

3.910-3-7.010-
3

1.910-4

High and long
lived medium

radwaste a

(m3/GWhe)

6.710-5-1.010-
4

4.510-5 -5.8-10-
5

2.010-5

4.5 10-3 -5.5 10-
3

3.010-6

3.110-4- 5.810-
4

1.6 10-5
a Radioactive wastes to be deposited in geological repositories in Switzerland,
b Roof-top panels.

The weight or volume of wastes is only one indicator that can be used to characterise
their relative significance. Presently, there does not exist a widely accepted method
for comparing the toxicity of wastes within and between the various waste
categories. The issue of nuclear radioactive wastes remains to be controversial due
to the necessity of extremely long confinement times. This leads to complex and
unresolved questions on equitable intergenerational distribution of risks and
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burdens, or alternatively, consideration of equal opportunities principle,
emphasising an equal distribution of resources with scope for freedom of action for
future generations. For the high-radioactive nuclear waste repository one of the
goals set by the Swiss Federal Nuclear Safety Inspectorate is that the release of
radionuclides from deep repositories should under realistic assumptions not lead to
individual doses higher than 0.1 mSv/year at any time. For reference, the total
average yearly individual exposure in Switzerland due to natural and man-made
sources is ~ 4 mSv.

It should be noted that disposal of wastes from coal and PV energy chains involves
toxic metals such as arsenic, cadmium and lead; these metals do not decay and,
consequently, there are no temporal boundaries for the estimation of the
corresponding health impacts.

4. Multi-criteria Sensitivity Mapping

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 unfavourable 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 ecological
performance. This leads to 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. Solar PV systems produce relatively large amounts of
wastes and their economic competitiveness is 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.

The GaBE Project has carried out a number of case studies employing the acquired
knowledge base in the framework of multi-criteria analysis. A recent paper [6]
addresses the ecological performance of some candidate systems for the future
Swiss electricity supply. Full scope applications are now underway. They cover a
wide range of ecological, economic and social criteria.

The multi-criteria approach thus acknowledges that the questions to be answered are
beyond the "analytical fix". Simultaneously it allows extensive use of the acquired
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knowledge in a process that is open to accounting for values. The purpose of using
such a procedure is not to select a single optimal option since one could arrive at
different highest performing options under various political/social perspectives.
Rather the goal is to map the possible conditionally optimal options against the
different socio-political perspectives [7].

The GaBE Project has recently developed the so-called "EnergyGame", a
communication-oriented software utilising multi-criteria mapping approach [8]. The
software is installed in the visitors centre of the Paul Scherrer Institute (PSI Forum)
and allows to combine on an aggregated level the central results of the analysis
within the economic and environmental sectors with the social preferences of the
users. Thus, it is possible to construct in an interactive manner a sensitivity map of
the technology choices preferred at any particular moment by different individuals,
constituencies or agencies.

Figure 3 shows a simplified scheme of EnergyGame. The Game is divided into two
main parts, the first enabling the sensitivity mapping for electricity systems' choices,
the second providing estimated inventories of selected air pollutants for user-defined
electricity mix scenarios up to year 2030.

Bectricity Systems Choice:
SensitivitynvieTpping

Step by step

Simultaneous

Bectricity Mix Scenarios:
Fbllutants1 Inventories

Demand Rejection

Change in Bid-use

Figure 3: Simplified scheme of EnergyGame.

The approach used for evaluation is based on a simple weighted multiple attribute
function. The weights, assigned by the users ("decision-makers"), reflect the relative
importance of the various evaluation criteria. The criteria, electricity supply
alternatives and their performance with respect to the criteria (scoring) are provided.
The scores are based on the results obtained within the various sectors of the GaBE
Project. The user has the option to explore the basis for the scores and the relevant
features of the candidate systems. To the extent possible at this stage, expected
evolutionary technological improvements within the next 10-15 years are reflected
in the scores.

Figure 4 shows the main screen for the sensitivity mapping where any change of the
weights of eight criteria (Internal Costs, Resources, Greenhouse Gas Emissions,
Other Emissions to Air, Solid Wastes, Severe Accident Risk, Employment Effects,
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and Social Acceptance) is simultaneously reflected in the ranking of the seven
electricity generation systems considered (Hard Coal, Oil, Gas, Nuclear, Hydro,
Solar PV, and Wind). The user is also allowed to modify some of the electricity
systems' score sets for the criteria where certain subjective elements cannot be
avoided, which in the current version are Resources, Solid Wastes, Employment
Effects, and Social Acceptance. The figure shows the default case with all criteria
being equally weighted.

SWINGING THE RANKS... BHBI

Click-and-drag left blue bars to set
the relative importance of the criteria

Highest number =
Best performance

Figure 4: Electricity systems choice: sensitivity mapping using "EnergyGame".

Various weighting schemes can be assigned to accommodate a range of perspectives
expressed in the energy debate. Paul Scherrer Institute together with its research
partners (Swiss Federal Institutes of Technology in Zurich and Lausanne) are
planning a full scope application of the approach outlined here, including the direct
involvement of stakeholders. This will give the latter an opportunity to explore in a
structured manner how their preferences and trade-offs influence the decision.
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