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When addressing sustainability a num-
ber of issues deserve special attention from
the modelling point of view. These are:

— a systematic consideration of the burdens
associated with other stages in the energy
chain than just the power plant, and the im-
pact of “grey” (i.e. indirect) emissions;

— a consistent treatment of underlying bur-
dens in assessing environmental and health
impacts associated with full energy chains;
— treatment of accidents, particularly se-
vere ones;

— treatment of the resource and availability
aspects;

— an adequate analysis resolution, allowing
for appropriate differentiation between the
overall performance of the various technolo-
gies under country-specific conditions; and
— integration of the various dimensions of
sustainability of energy supply, including
the social aspects.

This paper builds on the experience
gained from the modelling and application
activities within the GaBE Project at Paul
Scherrer Institute (PSI) dealing with the
“Comprehensive Assessment of Energy Sys-
tems” [1]. The methodology has been ap-
plied in a variety of projects for countries as
different as Switzerland and China. In a re-
cent comprehensive application on behalf of
the International Committee on Nuclear
Technology (ILK: Internationale Lénder-
kommission Kerntechnik), PSI has carried
out a comparative study addressing the
sustainability of various electricity supply
technologies operating under German-spe-
cific conditions [2]. The overall objective of

this analysis was to provide a basis for the
formulation of an official /LK position on
the sustainability of the different electricity
supply technologies, with special emphasis
on nuclear energy [3]. The evaluation cov-
ered selected current fossil, nuclear and re-
newable technologies, representative of av-
erage conditions in Germany.

The concept of sustainable develop-
ment first emerged, or rather was reborn, in
1987 with the publication of the report Our
Common Future by the World Commission
on Environment and Development (the
Brundtland Commission) [4]. Sustainable
Development, as defined in this report, is the
capacity to meet present needs without com-
promising the ability of future generations to
meet their own needs. In a broad sense, sus-
tainable development incorporates equality
within and across countries, across genera-
tions, and integrates economic growth, envi-
ronmental protection and social welfare. A
key challenge of the sustainable develop-
ment policies is to address these 3 demands
in a balanced way, considering their mutual
interaction, and, whenever necessary, mak-
ing relevant trade-offs.

In the meantime, a wide spectrum of
definitions of sustainable development has
emerged, with varying emphasis on the ma-
jor attributes of sustainability. The
Brundtland definition is subject to various
interpretations, which are crucial to imple-
mentation and practical application. On the
conceptual level, there is a distinct division
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line between those advocating “strong”
sustainability and those advocating “weak”
sustainability. The differences between these
basic concepts stem from the different as-
sumptions made concerning substitutability
between natural and man-made capital,
compensating for damage, and discounting
future events.

Some rules, or principles for
sustainability conditions, have already been
proposed in the past (e.g. [5]).

— The use of renewable resources should
not exceed their regeneration rate.

— Non-renewable energy carriers and raw
materials should be consumed primarily at
a rate corresponding to their physical and
functional substitution by equivalent, eco-
nomically useful, renewable resources, and
by increased efficiency in utilizing the
available resources, or by the discovery of
new reserves. -

— The flow of pollution and waste into the
environment should not exceed the absorp-
tion capacity of the natural environment.

— Intolerable risks to human health in-
curred as a consequence of man-made ac-
tivities should be minimized, or, if possible,
eliminated.

The above discussion on sustainable
development constitutes an essential back-
ground to the evaluation. However, the def-
initions and principles as such do not allow
for a straightforward implementation of the
sustainability concept, if the objective is to
differentiate between the performances of
the various energy technologies of interest.
Independently of which sustainability con-
cept is chosen, there seems to be a general
consensus that promotion of sustainable de-
velopment within the electricity-generation
sector calls for the integration of the eco-
nomic, ecologic and social aspects in the
decision-making process.

The evaluation of alternatives can (and
should) be done on the basis of an agreed
set of criteria and indicators covering these
three dimensions (they may also serve for
communication purposes, since they allow
the presentation of complex information in
a relatively simple way). The generation of
consistent, quantitative indicators necessi-
tates an appropriate analytical framework,
and the application of suitable methods.
This issue is briefly described in the next
chapter.

The quantitative indicators used in this
study are based on a systematic, multi-disci-
plinary, bottom-up methodology, specifi-
cally tailored to the assessment of energy

systems [2]. The overall approach is
process-oriented, meaning that the technolo-
gies of interest, and their features, are ex-
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plicitly represented. The implementation
and application of the various assessment
methods is inspired by principles adopted
from Life Cycle Assessment (LCA). The
following summary of the methods used is
limited to approaches which are needed for
the derivation of a number of disaggregated
indicators. The methods described here fo-
cus on environmental and related social in-
dicators; most economic and social indica-
tors are either directly available, based on
straightforward assessment, or based on the
use of expert judgment. Detailed environ-
mental inventories (i.e. burdens such as emis-
sions or wastes) for current and future energy
systems during normal operation have been
established for the Union for the Coordina-
tion of Transmission of Electricity (UCTE)
countries, with the highest level of detail
coming from Switzerland [6]. 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
input and transportation needs are accounted
for in all energy-chain stages.

The approach includes the coverage
of: (a) the direct emissions and other bur-
dens over the entire lifetimes of the power
plants, together with all relevant upstream
and downstream processes, within each en-
ergy chain; and (b) the indirect emissions
and other burdens associated with the vari-
ous material and energy inputs.

_ Severe accident risks are addressed
based on the examination of historical expe-
rience world-wide, and by employing
Probabilistic Safety Assessment (PSA) tech-
niques. In this context, a highly comprehen-
sive database ENSAD (Energy-Related
Severe Accident Database) has been estab-
lished [7, 8]. The full energy chains are also
covered in this case. In the evaluations, par-
ticular attention is paid to the applicability
of historical data to the cases being ana-
lyzed. A broad spectrum of damage catego-
ries is addressed, including fatalities, serious
injuries, evacuations, land/water contamina-
tion, as well as economic considerations.

The environmental impact analysis en-
ables estimations to be made of pollutant
concentrations, and depositions resulting
from emissions of the major pollutants. Esti-
mation of the environmental external costs,
i.e. health and environmental damage cur-
rently not included in energy prices, is based
on the “impact pathway” approach [9, 10].

The steps involved in this approach
are: technology and site characterization,
prioritization of impacts, quantification of
burdens (emissions and others), description
of the affected environment, quantification
of impacts (using, whenever applicable,
dispersion models for atmospheric pollut-

ants and dose-response functions), and eco-
nomic valuation.

External cost estimates represent a
highly aggregated indicator of environmen-
tal performance. The total (or “true”) costs
of electricity production by different means
are established by combining the internal
and external costs. It has been proposed by
some authors (e.g. [11]) that the total, sys-
tem-specific cost of energy production
could serve as an integrated relative indica-
tor of sustainability, since it reflects the
economic and environmental efficiency of
the specific energy systems.

Another approach to aggregation is
based on the application of multi-criteria
decision analysis (MCDA). Use of a multi-
criteria framework allows decision-makers
to simultaneously address the often con-
flicting economic, ecological and social cri-
teria. In comparison to the total cost assess-
ment, MCDA brings the social dimension.
The present application involves exten-
sive use of the acquired detailed knowl-
edge concerning systems performance in
a process also open to accounting of values.

There are many examples of the crite-
ria and indicators relevant to sustainable
development that have been established by
international and national organizations.
Examples include proposals made by the
United Nations Special Commission on
Sustainable Development [12], the OECD
[13, 14], the IAEA [15], the Enquéte Com-
mission [16], and PSI [17, 18].

The following conclusions were drawn
from the criteria and indicator survey car-
ried out within this study.

1. The indicators have different scope
and focus: sustainable development in gen-
eral, sustainable development within the
energy sector, and sustainable development
within specific energy sources.

2. The sets of indicators originating from
international organizations are not suitable
for comparing the sustainability attributes
of the major energy sources, in regard to
appropriate differentiation between tech-
nologies.

3. In many cases, economic and environ-
mental criteria/indicators are reasonably
well developed; while social indicators are
poorly developed and highly subjective.

4. Most of the sets are primarily based on
directly available, simplistic indicators, and
there are major consistency problems.

5. Little effort has been made towards ag-
gregation of indicators to support decisions.
6. The sets of indicators originating from
the Enquéte Commission and PSI sets used
in the past have both similarities and differ-
ences. The Enquéte Commission does not
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consider employment, proliferation, or spe-
cific accident and waste indicators, highly
relevant for the social dimension. Further-
more, aspects such as land use or security
of supply are not addressed. The PSI set of
indicators employed in the aggregation
avoids overlap but this is not the case with
most other sets.

7. Earlier studies have not provided a
harmonized, recognized set of technol-
ogy-specific, application-specific numeri-
cal indicators. A broad knowledge base is a
pre-requisite for the establishment of such
indicators, and the analytical framework
employed in the present study can serve as
a basis for this.

Based on the results of the survey, the
experience gained from the sustainability
assessments (under radically different con-
ditions) undertaken in Switzerland and
China, together with the basic requirements
on indicators and the discussions with /LK,
a set of appropriate criteria and indicators
has been defined. Three dimensions of
sustainability have been considered: econ-
omy, environment and social. Table I pro-
vides the indicators selected for the evalua-
tion of electricity generation technologies
operating in Germany.
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It is important to note that the ex-
pected damage resulting from severe acci-
dents, expressed in fatalities per unit en-
ergy, fall within the environmental dimen-
sion. This appears to be an inconsistency,
and reflects the fact that it is difficult to
quantify an accident-related environmental
damage which could be applied to all the
technologies in question. Consequently,
mortality resulting from accidents serves
here as a surrogate for the corresponding
environmental effects.

This chapter addresses reference tech-
nologies, provides some more detailed infor-
mation on indicators, and summarizes the in-
dicator values employed in the quantification.

5.1 Reference technologies and
adjustments to German conditions

The evaluation covers fossil energy car-
riers (lignite, hard coal, oil, natural gas), nu-
clear and renewables (hydro, onshore wind,
solar photovoltaic). Wherever feasible, elec-

tricity generation technolo-

Dimension  |Impact Area ' |Indicator

. |unit

\ gies currently operating in
¢kWh

sustainability:
non-energy-based

|Financial Production cost Germany were selected as
|requirements __ . reference. The calculations
z:r?;z:,'ﬁ; increase  |Factor carried out are representa-

Resources  |Availability % tive of the average perfor-
(load factor) mance characteristics for

Geo-political factors Relative scale these technologies. The

Long-term Years same applies to the associ-

sustainability: ted hai In ad

energy-based ated energy chains. In ad-

Long-term kg/GWh dition, representative load

factors have been em-

Peak load response

Relative scale ployed.

The set of indicators

ent|Global warming|{CO,-equivalent Tons/GWh .
. - _ . chosen for the evaluation
~ |Regional Change in km“/GWh 1 he fact th Al
~|environmental |unprotected eco- retlects the lact .at only
‘limpact system area current technologies have
Non-pollutant |Land use mGWh been considered. For ex-
- |effects . .
[Severe Fataliies Faies/GWn|  2mple, expansion potential
accidents — a critical atfribute when
. [|Totalwaste  |Weight Tons/GWh considering realistic op-
Social Employment  [Technology-specific |Person-years/ tions for the future — has
‘ job opportunities GWh not been considered within
Proliferation Potential Relative scale the present evaluation,
. {impact on Mortality (reduced  |Years-of-life- which focuses on the cur-
{human health {life expectancy) lost/GWh

|operation)

rent electricity supply in
Germany.

German-specific data

confinement confinement time

“|Local Noise, visual Relative scale
disturbance amenity
Critical waste  |“Necessary” Thousands of

were used directly where

years available, and where con-

Maximum credible
number of fatalities
per accident

- [Risk aversion

sidered consistent with the
overall framework. In a
few cases, Swiss data were

max fatalities/
accident

* Increase of production costs due to doubling of fuel costs.

Tab. 1.
study [1].

atw 51. Jg. (2006) Heft 7 — Juli

Criteria and indicators employed in the present the

considered relevant, as
possible differences with
German data were
judged not to be decisive.

Wherever necessary, suitable adjustments
were made to the mostly Swiss or UCTE in-
dicators to German conditions. Due to re-
source constraints, some of these adjustments
were, of necessity, rather rough, though ade-
quate for the purposes of the current study.

5.2 Economic indicators
5.2.1 Financial requirements

Production costs are here based on
German sources. These are typical costs,
and may not be representative of average
conditions. It should be noted that the
exceptionally low costs attributed to nuclear
energy are due to the fact that the capital
cost component has been amortized. In addi-
tion, no account has been taken of back-up
costs for wind and solar photovoltaic (PV)
technologies. Sensitivity to fuel cost-in-
crease is represented by a factor correspond-
ing to the increase of production costs re-
sulting from a doubling of fuel costs.

5.2.2 Resources
Availability is based on typical load factors.

Geo-political factors refer to the secu-
rity of energy carrier supply, taking into ac-
count the stability of the countries of ori-
gin. The indicators are based on judgment,
and may need to be refined.

Long-term  sustainability:  energy-
based is a measure of how long the re-
sources of the particular energy carriers
would be available, given that current con-
sumption could stabilize, and that only re-
sources which can be exploited without
substantial increase of electricity produc-
tion prices would be credited.

Long-term sustainability: non-energy-
based uses copper as a reference material.
Other materials could have been used in-
stead, or in addition. Consumption of mate-
rials could also be viewed as an indirect
measure of the efficiency of a system. The
numerical values used, actually originate
from ecoinvent [6].

Peak-load response reflects the tech-
nology-specific ability to respond swiftly to
large temporal variations in demand. This
capability is particularly attractive in view
of market liberalization. Base-load technol-
ogies, and those renewables which strongly
depend on climatic conditions, are not suit-
able in this context. In the case of
hydropower, the fact that hydro reservoirs
constitute a relatively small part of the hy-
dro-based power supply in Germany was
taken into account.

5.3 Environmental and health indicators

All environmental indicators considered
in this work are either LCA-based or have
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Fig. 2a, 2b. LCA-based NOx and particulate matter emissions from German and UCTE energy chains during the year 2000 [2,6].

followed an LCA-based philosophy: for ex-
ample, full energy chains are also covered
in the case of severe accidents. Further ex-
planations of indicator features are given
in [2].

5.3.1 Global warming

Global warming caused by Green-
house Gas (GHG) emissions represents the
global environmental effect, and is ex-
pressed in terms of COz-equivalents (for a
100-year time horizon). Figure la shows
the GHG emissions for average German
and UCTE technologies, and the associated
stages in the energy chains, for the year
2000.

5.3.2 Selected pollutant emissions
to air

Emissions of pollutants to air are not
directly employed as indicators, but are in-
cluded here because they are used for
the estimation of regional environmental
impact and their effect on health. Fig-
ures la, 2a and 2b show SOz, NOy, and
particle emission (particulate matter of di-
ameters less than 2.5 mm, and between
2.5 mm and 10 mm) for German and
UCTE-averaged technologies, with associ-
ated energy chain stages, during the year
2000.
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5.3.3 Solid wastes

The indicator weight refers to the total
waste mass for each energy system, and is
the sum of several single species, disposed
within or pertaining to: hazardous waste, in-
cineration, inert material landfill, land farm-
ing, municipal incineration, lignite ash, resid-
ual material landfill, sanitary landfill, under-
ground deposits, final repository for low-
level radioactive waste (assumed approxi-
mate density 2,500 kg/m3 ), final repository
for spent fuel, high- and intermediate-level
radioactive waste (of approximate density
2,300 kg/m®), uranium mill tailings (of ap-
proximate  density

indicator if used in isolation, it is still a physi-
cally understandable item.

The necessary confinement time of the
most hazardous waste has also been included
among the social indicators. It can be regarded
as a complementary attribute to mass, implic-
itly encompassing the potential harm from
long-term waste management procedures.

Figure 3 shows the relative waste mass
associated with each energy technology.

5.3.4 Land use

This indicator expresses the total land
use for each energy chain, and corresponds

2,200 kg/m®), and

0.18
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be misleading as an

chains for the year 2000 [2, 6].
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to the sum of the different land types, as
categorized in ecoinvent according to their
transformation from one more-or-less natu-
ral status to one of the following:

— transformation to dump; ;

- transformation to industrial area;

— transformation to traffic area; and

— transformation to reservoir (for hydro-
power).

Ocean-based areas, relevant for gas/oil
off-shore platforms and off-shore wind parks,
have been excluded in this study, though they
were accounted for in ecoinvent.

Figure 4 shows the land use for the vari-
ous energy technologies.

5.3.5 Impact pathway-based indicators

We briefly describe here the methodol-
ogy used for the estimation of the impact on
human health resulting from normal plant
operation. Impact here is quantified in terms
of mortality, i.e. reduced life-expectancy,
which in the present structure is regarded as
one of the social indicators, and regional en-
vironmental impacts, as represented by
change in unprotected ecosystem area.

The basis for environmental impact as-
sessment (EIA) and external cost estimates
was the methodology developed within the
European ExternE project [9]. Updates of
impact functions and valuation factors have
been taken into account [19]. Moreover, en-
vironmental impact assessment has been
combined with latest results of Life Cycle
Assessment (LCA) from the ecoinvent pro-
ject in order to include the full chain of elec-
tricity systems.

It has been shown elsewhere [9, 10]
that environmental impact due to regional
pollutants strongly depends on the location
of the emission sources. Traditionally, Life
Cycle Impact Assessment (LCIA) does not
consider site-dependent effects. This defi-
ciency has been adressed in the present
study which aims to improve the relation-
ship between EIA-based and LCA-based
methodologies.
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LCA-based land use for German and UCTE energy

carry a location
code, it is not al-
ways  guaranteed
that the location de-
scribes the emission site within a particular
chain, because the module may have been
used as an approximation for the correspond-
ing process in another country. Usually, the
ecoinvent location code refers to the technol-
ogy, i.e. to emission factors typical for the
technological state of the country. This is not
necessarily the same as the real emission site
if the specific technology is used in another
country. Currently, there is no systematic
way of tracing all such spatial mismatches
between definition and application of a
module in the ecoinvent database. Conse-
quently, any mapping between site-specific
impact factors and chain modules has to be
constructed carefully. )

For electricity, country-specific produc-
tion and supply mixes have been modelled
in ecoinvent. Therefore, the location code of
electricity modules usually correctly reflects
the country or region where the emissions
occur. For these modules, country-specific
factors are applicable. In contrast, most pro-
duction and transport processes have been
modelled only for Switzerland (and a few
other countries) and/or for average European
or global conditions. The application of, for
example, a Swiss production module within
the chain may not necessarily reflect the
emission location, but might possibly serve
as a substitute, since no module for another
country or region is available. For such
“sample” modules, the site-independent im-
pact factors are applied.

For health effects due to primary partic-
ulate emissions, only fractions with diame-
ters smaller than 10 pm (PMjg) have been
considered effective. The impact factors for
the larger fractions (which are calculated
separately in ecoinvent) have been set to
zero. No impact factors are available for
emissions into the stratosphere; therefore,
these emissions were also excluded. In total,
the contributions of such emissions in the
energy chains are very small. Following the
recommendations in ExternE [9], the PMio
functions have been applied to all primary
PM o fractions without explicitly identifying

the included PMy s fraction. This approach
complies with the recommendations in
ExternE [9] for power plants, but might lead
to a slight underestimation in the chain of
impacts due to transport. The error is con-
sidered small in the present context.

It was not possible within the limited
framework of this project to include all
site-dependent effects in the entire chain.
This would have been equivalent to a full
implementation of the method. The energy
systems refer exclusively to German condi-
tions. Thus, for the first application of the
method, it has been considered most impor-
tant to include site-dependent factors for
Germany. The corresponding impact factors
were included for the German electricity
sector (for which ecoinvent provides coun-
try-specific data). The energy-chain emis-
sions outside of Germany have been treated
with standard impact factors for Europe.
The present prototype implementation does
not differentiate between high and low pop-
ulation density areas within the countries be-
cause, for the important secondary pollut-
ants, there is no simple correlation between
emissions from the 2 area-types and the ex-
tent of heir impact.

For all the electricity chains under con-
sideration, mortality impacts have been cal-
culated in terms of Years of Life Lost
(YOLL). Mortality is the major contributor
to the total external costs. Here, total exter-
nal costs (including different morbidity ef-
fects, crops and material losses) have been
estimated in a simplified way by multiply-
ing the detailed YOLL calculation results by
appropriate cost factors. For the given pur-
pose, this is a sufficient approximation, be-
cause the total external costs are approxi-
mately proportional to the YOLL value. The
damage factors used can be found in [20].

Figure 5 shows the resulting mortality,
specific for the German energy chains con-
sidered in this study. The fossil systems
other than natural gas exhibit much higher
impacts than the other options. It should be
noted that for nuclear a geometric mean
based on maximum and minimum values
was used.

The change of unprotected ecosystem
area due to acidification and eutrophication
is considered as the basic indicator for
damage to ecosystems. Factors per unit
emission of SOz and NOx for acidification
and eutrophication have been calculated for
the years 1990 and 2010 in [10]: SOx and
NOx both contribute to acidification, NOx
also causes eutrophication. Factors for am-
monia have been neglected, because the en-
ergy systems considered here have almost
no ammonia emissions. Calculations have
been performed for emissions from differ-
ent European countries, and for average
EU-15. 1t is assumed that changes in unpro-
tected areas due to acidification and due to
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energy chains in the year 2000 [2].

eutrophication are approximately additive;
a discussion of this assumption is given in
[2]. The resulting indicator is the total
change of unprotected ecosystem area per
unit emission for each country. In contrast
to conventional LCIA methods, the effects
due to he different locations of the emission
sources can be accounted for as far as the
locations in the chain may be identified
(site-dependent LCIA).

5.3.6 Severe Accidents

In principle, the approach used for the
evaluation of severe accidents is consistent
with the impact pathway method. Due to
their special nature, however, accidents are
treated separately.

The evaluation builds on other work
carried out at PSI [7, 8, 21], and covers fossil
energy sources (coal, oil and gas), nuclear
power and hydropower. For details we refer
to these publications. Figure 6 shows fre-
quency-consequence curves for coal, oil, nat-
ural gas and hydro chains, based on histori-
cal accidents world-wide in the period
1969-2000 as represented in PS[’s data-
base ENSAD (Energy-related Severe Acci-

Mortality associated with normal operation of German

chains were con-
sidered representa-
tive for Germany.
For nuclear energy,
the risk measures obtained in Level III PSA
for a Swiss nuclear power plant were em-
ployed as the starting point for the study,
and then adjusted to reflect the higher
power level and higher radioactive inven-
tory more typical for the German plants.
These adjustments, though quite rough,
have practically no impact on the final re-
sults based on the aggregation methods ap-
plied in this work.

5.4 Social indicators
5.4.1 Employment

The aim of the technology chain la-
bour assessment was to estimate - the
life-cycle labour content of 8 technology
chains for electricity generation, including
lignite pulverized coal, bituminous pulver-
ized coal (hard coal), oil, natural gas, hy-
dro, wind and solar PV generation. In order
to do this, each chain was divided into four
components: 1) Fuel Extraction & Process-
ing; 2) Fuel Trans-portation; 3) Generation
Plant Construction; and 4) Generation Plant
Operation.
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Fig. 6.  Frequency-consequence curves for full energy chains in OECD with allocation

and for the time period 1969 — 2000 [21].
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1t is difficult to find hard data for estab-
lishing accurate, averaged labour statistics for
these technologies across the entire German
electricity sector. National electricity sector
associations (VDEW and VDN) do not collect
employment numbers by fuel-type or type of
plant. The only official number from these
organizations is the total employment level of
131,000 for the German electricity sector.
Normalizing by the total net generation of
about 520 TWh in 2002 gives an average
employment of about 250 man-yr/TWh. If
the more detailed US employment data ratios
are applied, this would result in about
110 man-yr/TWh for generation, transmis-
sion and distribution (T&D), and about
240 man-yr/TWh for general and administra-
tive jobs. These data can serve as an order of
magnitude check against individual genera-
tion technologies, although they do include
non-generation components, and do not in-
clude T&D employment.

Overall, the estimation of labour fol-
lowed 3 possible methods. When national
data (e.g. mining jobs) were available, they
were used to obtain a national sector aver-
age. If industry sources were available for
specific plant types (e.g. generation labour
for combined-cycle plants), these were used
next. Finally, order-of-magnitude estimates
were made (e.g. for average hydro construc-
tion labour) when other sources failed. Total
uncertainty depends upon both the relative
sizes and uncertainties of the labour esti-
mates for the individual technology chain
components.

Two other factors also affect the uncer-
tainty of labour estimates. First is the ques-
tion of where the dividing boundary should
be. For example, in the case of coal and nu-
clear generation, direct plant construction la-
bour was estimated for on-site construction,
and excluded the specific labour content of
components. However, for the wind and so-
lar technology chains, more indirect aggre-
gate industry construction data were used,
based on data availability, and the fact that
more of the labour is devoted to component
fabrication.

Secondly, labour results have been nor-
malized in terms of generation; ie. they
were given in man-years per TWh. This
means that variable labour (e.g. fuel) de-
pends upon plant efficiency, and fixed la-
bour (e.g. construction) depends upon plant
generation.

Some electricity generation (e.g. by
wind and solar) is fixed by natural availabil-
ity, but most generation is based on
cost-based dispatch. In this case, the genera-
tion was based on the German average gen-
eration for the technology in question. Fi-
nally, labour components for different tech-
nologies were compared and adjusted, based
on our own estimates of the relative labour
intensity required. It should be noted that all
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non-recurring labour (primarily construction
labour) was amortized over the assumed life
of the generation technology before adding
the variable labour content for fuel, etc. This
means that labour rates for the different la-
bour components can be multiplied by the
labour content to produce a total labour cost
per kWh, if so desired. Finally, the relative
sizes of the individual labour components
and totals were compared for general consis-
tency, and adjusted as deemed appropriate.

Figure 7 shows the results of the esti-
mation: that is, the indicator technology-
specific job opportunities.

5.4.2 Proliferation

Proliferation potential is a binary indi-
cator, meaning that it either applies or not,
given that only one type of nuclear genera-
tion and fuel cycle is considered.

5,4,3 Human health impacts due to
normal operation

The “Mortality” indicator has been de-
scribed in Section 5.3.5 (see also Fig. 7). It
is worthwhile noting here, however, that
mortality due to accidents is practically
negligible compared to the corresponding
effects of normal operation.

5.4.4 Local disturbances

This indicator concerns noise and vi-
sual amenity, and is rather vulnerable to
subjective judgments. Some input from
ExternE was used here to rank the energy
chains. Nevertheless, the assigned indicator
values may be disputable.

5.4.5 Critical waste confinement time

Necessary confinement time has al-
ready been discussed in Section 5.3.3. The
indicator values should be regarded as or-
der-of-magnitude estimates.

5.4.6 Risk aversion

Maximum credible number of fatalities
per accident is used here as a surrogate for
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was used, since the
enormous accidents
in non-OECD coun-
tries are less credible in the German case:
first, because German hydro is primarily
run-of-river, and second, the reservoir capaci-
ties tend to be rather small. The extent of the
consequences of hypothetical extreme acci-
dents is thus largest in the case of nuclear,
where appropriate adjustments were made to
account for the larger radioactive inventories
(the Swiss reference plant is rather small).

Valuation of this aspect depends on stake-
holder preferences, can be addressed in
multi-criteria analysis and, along with the is-
sue of waste, affects in particular the ranking
of nuclear power in the sustainability con-
text [18].

5.5 Full indicator set used in the
present study

Tables 2, 3 and 4 show the complete
set of indicators used in the present appli-
cation. Weights used in the base case of
MCDA, described in Chapter 6, are indi-
cated within parenthesis. Some of the num-
bers provided in the Tables originate from
model-based assessments, and some are
based on judgment. The associated uncer-
tainties may be substantial. For this reason,
the cited quantitative indicators are most
appropriate to comparisons that aim to es-
tablish an internal technology ranking.
However, they are adequate for the purpose
of the present study, including MCDA-
based aggregation. In applicable cases, the
numbers have been rounded.

(Weight). C : i
Financial - .. |Production cost/ (75) ckWh 33 30 31 |36 2.1 7 9 60
Requrrementsl Fuel price increase Factor 16 15 18 |18 13 10 103 |14
(1) |sensitivity(25) -
o Availability % 80 80 80 (80 80 40 20 |9
(load factor)/(40)
Geopolitical factors/ {15) [Refafive {100 80 20 40 80 100 100 {100
| scale i
Resources;(30); Iéong-te(msusiainability: Years 400 2000 100  [100 500 0 © oo
e nergetic (15)
‘ - |Long-term sustainability: |kg/GWh |13 1 2 |4 5 1 38230
Non-energetic (Cu) (10)
|Peak load response (20) [Relative |20 50 100 {100 10 30 0 0
scale

Tab. 2.  Set of economic indicators and weights used in the Base Case MCDA [2].
Nuclea HYdro | Wind | PV
Global Warming _ [COzequivalentsi(@0)|fons/GWh | 1220] ‘10 10
Regional  [Change in km?/GWh 0.032| 0039} 0.061| 0018{ 00017] 0.0009]0.0029} 0.011
Envuonmenial - |unprotected
Impact - |ecosystem area/(25)
Non-PoIlutant - |Land use/(5) m%/GWh 106 335 47 7 92 28] 65
Eﬁects
Sevete,accldents Fataliies/(15) Falalties/GWh | 57E-7| 21E5| 45E-5| 10E5| 23E-6| 3AE-7| 1.1E-8|11E-7
Total Waste ~~ {Weight/(15) tons/GWh 84 180 11 2 15 2 23] 66
Tab. 3.  Set of environmental indicators and weights used in the Base Case MCDA [2].
JImpactArea [lndicat 1 (Weight il |

Sriada Tevéhnb'logy- person- 0.21 ] 0.86 .0'47 v
Employment = . |specific job years/GWh
S Jopportunities/ (10)
Proliferation - . |Potential/(5) Relative scale 0 0 0 0 100 0 0 0
Human Health -« |Mortality (reduced |YOLL/GWh 0.061| 0.068) 0.12 0.023 0.005 0.011} 0.007{ 0.020
Impacts (normal . |life-
operatlon) : expectancy)l(rw)
Local Dlst urbances 21[1::;, t;/;(s;lsa)l Relative scale 10 8] 6 2 4 5 7 0
Cntl cal Waste }; cl:ﬁgﬁz;agt Thousand years 50 50 0.1 0.01 1000 0.01 1 50
confinement time/(15)

B ; Maximum credible |max fatalities/ 10 500{ 4500 100[ 50000 2000 5 100
Risk Aversion . Inumber of fatalities |accident

. ‘| per accident/(15)

Tab4.  Set of social indicators and weights used in the Base Case MCDA [2].
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external costs of global warming are not included [2].
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The total costs,
comprising internal
and external Ger-
man-specific costs,
are shown in Fig. 9.
External costs asso-
ciated with global
warming are highly
uncertain, and much
less robust, than
those due to air pol-

Fig. 9.

Aggregation of indicators enables the
overall performance of technologies to be
evaluated. Two aggregation approaches
were used.

6.1 Aggregation based on total costs

The total costs are the sum of the inter-
nal and external costs; the latter are shown
in Fig. 8. External costs are driven by pub-
lic health effects, caused by increased lev-
els of concentrations of pollutants in ambi-
ent air, or by an increased level of ionising
radiation resulting from activities at the
various process stages in the energy sys-
tems!. Generally, damages resulting from
the emission of a unit of pollutant are high
if the number of affected receptors is very
large. The fossil systems (except for natural
gas) exhibit much higher impacts than the
other options.

1 Estimates of external costs also cover
health impact from severe accidents within the
various energy chains, though these contribu-
tions are practically negligible compared to the
monetised health and environmental damages re-
sulting from normal operation.
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Comparison of total costs of current technologies in
Germany (GHG = Greenhouse Gases) [2].

lutants.

According to a
ranking based on
total costs, nuclear
energy is the best performer, followed by
natural gas, hard coal, lignite and oil. Pho-
tovoltaic has by far the highest total costs.

6.2 Aggregation based on Multi-Criteria
Decision Analysis

6.2.1 Base-case development

Multi-Criteria  Decision  Analysis
(MCDA) used in this project allowed us
to combine, on an aggregate level, the cen-
tral results of the analyses performed
for the economic and environmental sec-
tors with the social preferences of the us-
ers. The technology-specific indicators
constitute the analytical input to this evalu-
ation.

The approach used for the evaluation
is based on a simple-weighted, multiple-at-
tribute function. Individual weights re-
flect the relative importance of the various
evaluation criteria, and are combined with
the normalized indicator values (scores).
Normalization is carried out using a local
scale, defined according to the set of alter-
natives under consideration. For example,
the alternative which does best on a partic-
ular criterion is assigned a score of 100,
and the one which does least well a score
of 0.

and environmental criteria plus production costs. The
higher the total scove, the better is the overall system
performance [2].

All other alternatives are given interme-
diate scores, based on linear interpolation
between these two reference points. A sin-
gle overall value is obtained for each alter-
native by summing the weighted scores for
all criteria. Ranking of the available op-
tions is then established on the basis of
these values.

The actual weights applied can be ob-
tained from stakeholder considerations. Al-
ternatively, various weighting schemes can
be assigned to accommodate the range of
perspectives expressed in the general en-
ergy debate. The sensitivity to these
choices has also been investigated.

In one of the evaluation cases, only
a subset of the criteria has been em-
ployed: namely, environmental criteria, to-
gether with health component in the social
dimension and production costs (Figure
10). This case has some parallels to the
evaluation of total cost. The rankings based
on the 2 methods show certain similarities
(though they are not identical), with nu-
clear being the top performer, and PV being
the worst.

A different set of results is obtained
(Figure 11) if the full set of criteria is
used, and the weights are equally distrib-
uted between the 3 main components (econ-
omy, environment and social), thus postulat-
ing that sustainability ultimately calls for
equal importance being given to each of
them.

The case with equal top-level weights
results in top performance being attributed to
hydro and wind, followed by nuclear and nat-
ural gas. Nuclear is at a lower rank than in
the “total cost” and “environmental criteria
plus health plus production cost” cases as a
result of the inclusion of social criteria.

6.2.2 Sensitivity analysis

A number of sensitivity cases were run
in order to investigate specific patterns in the
ranking, Three cases, with, respectively,
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be regarded as arbi-
trary, the ranking of
systems  remains
quite stable for a
moderate variation
of these weights.

In addition to
the sensitivity study,
the impact of possi-
ble future, nuclear-
specific technologi-
cal  improvements
has also been exam-

: Wind

sustainability [2].

economy-centred, environment-centred and
social-centred weighting, are shown in Fi ig-
ures 12—14. The economy-centred case cor-
responds to the economic dimension be-
ing given a weighting of 80%, while
the environmental and social dimensions
each have a weighting of 10%; the
other cases are defined in an analogous
manner.

As can be seen, results are: highly sensi-
tive to the variation of weights. While the
weights given to the lower levels of criteria

Multi-criteria sensitivity mapping for Germany:
base case, employing the full set of criteria, and with
equal weights assigned to the 3 dimensions of

ined. This includes a
strong, design-based
limitation of the
consequences of hy-
pothetical  nuclear
accidents, along
with a radical reduction of necessary waste
confinement times to a historical time scale
(Figure 15). The beneficial effects on the
ranking of nuclear in the MCDA-based
sustainability evaluation are manifested by nu-
clear attaining the top rank, along with hydro
and wind. This sensitivity case is mentioned
primarily for the sake of illustrating the posi-
tive implications of the major developments in
nuclear safety and waste research currently
being pursued. Advancements are also feasible
(and likely) for other technologies, though at

this stage no specific

developments . of
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Fig. 12, Multi-criteria sensitivity mapping for Germany:

economy-centred case [2].
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7.1 Role of the sustainability and
assessment approach

It is suggested that sustainability consid-
erations should guide political decisions
involving energy supply options and associ-
ated technological developments. The evalu-
ation process needs to be transparent and
non-discriminative. The use of consistent,
and (to the extent possible) objective, quan-
titative, technology-specific indicators is
highly promising.

The present study has provided a suit-
able evaluation approach, which has been im-
plemented and applied to the current major
energy chains for electricity generation for
Germany. As such, this proposal could be
helpful to the energy policy discussion in that
country.

7.2 Option-specific features

— Fossil systems are subject to limited en-
ergy resources, and display relatively unfa-
vourable ecological and accident-risk fea-
tures. Natural gas is by far the best per-
former among fossil energy carriers.

— In the case of nuclear energy, the eco-
nomic, environmental and health indicators
are highly favourable. Within the western
world, nuclear energy also has an excellent
safety record, reflected in the very low esti-
mates of technical risks. The sensitive is-
sues for nuclear energy include risk aver-
sion, and the perceived problems associated
with the necessity to assure safe storage of
(relatively small volumes of) radioactive
waste over extremely long periods.

~ In most respects, the “new” renewables
(solar and wind) may be considered environ-
mentally superior to fossil sources, but use
relatively large amounts of material re-
sources. The overall performance of wind
energy is favourable, while the economic
competitiveness of solar photovoltaic

Ol Natural Nuclear
cGas o

Lignite " Hard.'
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Hydro- - Wind -~ PV

Lignite ~ Hard
" Coal

Nuclear

Qi Natural
Gas

Hydro. -~ Wind .~ PV

Fig. 13, Multi-criteria sensitivity mapping for Germany:

environment-centred case [2].
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Fig. 14. Multi-criteria sensitivity mapping for Germany:

socially-centred case [2].
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potential nuclear advancements [2].

systems is still extremely low, at least for
German climatic conditions.

7.3 Overall evaluation of
sustainability

— Evaluations employing a variety of
sustainability criteria result in a fragmented
picture of the merits and drawbacks of the
currently available electricity supply options.
No single system exhibits superior properties
for all criteria. However, most indicators
show nuclear energy in a favourable light.

— For the most part, relative statements on
sustainability of the various electricity supply
options are meaningful, and comparative
sustainability evaluations can be based on the
aggregation of indicators employing either
the full-cost or Multi-Criteria Decision Anal-
ysis (MCDA) approach.

— Coal and oil chains have the highest exter-
nal costs. Those associated with natural gas
are the lowest among the fossil chains, and
are of the same order as those for solar pho-
tovoltaic. The nuclear chain exhibits the low-
est quantifiable external costs, followed by
wind and hydro. In terms of total costs, nu-
clear power again shows top performance
(under German conditions), and is superior to
the other currently implemented technolo-
gies. In particular, solar photovoltaic is pres-
ently burdened by the high production costs
of solar cells.

— Some reservations have been voiced con-
cerning the proposition that total costs be
used as the only measure of sustainability,
since then the society dimension, which plays
a central role in decision-making, does not
come feature prominently in the ranking pro-
cess. Taking nuclear power as an example,
issues such as the disposal of high-level,
long-lived radioactive waste, hypothetical se-
vere accidents and proliferation contribute
marginally, or not at all, to the external costs.
At the same time, these issues remain contro-
versial and, depending on the socio-political

456

limited to the corre-
sponding scope of
the total cost assess-
ment (ie. with
health and environ-
mental impacts equally weighted to produc-
tion costs), leads to technology rankings with
a number of similarities. Rankings based on
all three pillars of sustainability are rela-
tively robust when these pillars are consid-
ered equally important, and the weighting of
lower level criteria (e.g. financial require-
ments or employment effects) is subject to
variation. Putting emphasis on economy pe-
nalizes renewables; emphasis on environ-
ment penalizes fossil systems; and emphasis
on societal aspects penalizes nuclear.

— Developments towards a strong limitation
of the consequences of hypothetical acci-
dents, along with a radical reduction in waste
confinement times may have a highly favour-
able impact on the MCDA-based ranking of
the nuclear chain.

— Both total costs and MCDA-based, tech-
nology-specific total scores are useful com-
parative indicators of sustainability. Overall,
a meaningful sustainability perspective im-
plies a balanced (equal) assignment of impor-
tance to economic, ecological and social as-
pects. Unbalanced emphasis on any one of
these 3 dimensions is not in the spirit of sus-
tainable development.

7.4 Possible future applications

— Direct interactions with stakeholders
would be an important continuation for the
present study.

— Study of future systems is recommended,
since sustainability in the longer term will be
determined both by the technological ad-
vancements made, and the willingness to im-
plement them within the present energy sector.
— Along with analyses of future technolo-
gies, scenario analyses are also recom-
mended. These tend to be more realistic,
since they have built-in representations of
realistic, technology-specific potentials,
and explicit accounting of back-up systems
for those technologies exhibiting relatively
low load factors as a result of strong de-
pendence on climatic conditions.

This paper builds on the work partially
supported by the International Committee on
Nuclear Technology (ILK). The authors ac-
knowledge constructive discussions and sug-
gestions provided by Members of the Com-
mittee, in particular by Prof. Dr. W. Kroger.

[1]1 S. Hirschberg, R. Dones: Analytical decision
support for sustainable electricity supply. In Ener-
gie und nachhaltige Entwicklung: Beitrdge zur Zu-
kunft der Energieversorgung, VDI, Diisseldorf,
Germany, pp. 168-187, 2000.

[2] S. Hirschberg, R. Dones, T. Heck, P. Burg-
herr, W. Schenler, C. Bauer: Sustainability of elec-
tricity supply technologies under German condi-
tions: a comparative evaluation. PSI Report No.
04-15,2004.

[3]1 ILK: Statement on sustainability evaluation of
nuclear energy and other electricity supply techno-
logies. Report No. ILK-16 E, Jan. 2004.

[4] G. Brundtland (Ed.): Our Common Future:
The World Commission on Environment and De-
velopment. Oxford University Press, Oxford, 1987.
[5] S. Hirschberg, A. Voss: Nachhaltigkeit und
Energie: Anforderungen der Umwelt. Proc. Fachta-
gung Nachhaltigkeit und Energie, 25-26 Nov.
1998, Ziirich.

[6] R. Dones, C. Bauer, R. Bolliger, B. Burger,
M. Faist Emmenegger, R. Frischimecht, T. Heck,
N. Jungbluth, A. Réder: Sachbilanzen von Energie-
systemen: Grundlagen fiir den &kologischen Ver-
gleich von Energiesystemen und den Einbezug von
Energiesystemen in Okobilanzen fiir die Schweiz.
Final Report, ecoinvent 2000 No. 6, data v1.1, Paul
Scherrer Institut Villigen, Swiss Centre for Life
Cycle Inventories, Diibendorf, Switzerland, 2004.
[71 S. Hirschberg, G. Spiekerman, R. Dones: Se-
vere accidents in the energy sector. PS7 Report No.
98-16, 1998.

[8] P. Burgherr, S. Hirschberg, A. Hunt, R.A. Or-
tiz: External costs from major accidents in non-nu-
clear fuel chains. NewExt Project WPS5 (to be pub-
lished).

[9] European Commission: ExternE — Externali-
ties of Energy. ExternE Final Report, 1999.

[10} W. Krewitt, A. Trukenmiiller, T.M. Bach-
mann, T. Heck: Country-Specific Damage Factors
for Air Pollutants. A Step Towards Site Dependent
Life Cycle Impact Assessment. [nt. J. LCA, 6,
199-210 (2001).

[11] 4. Voss: Nachhaltige Energieversorgung —
Konkretisierung eines Leitbildes. In Energie und
nachhaltige Entwicklung: Beitrige zur Zukunft der
Energieversorgung, VDI, Diisseldorf, Germany, pp.
122-140, 2000.

[12] United Nations: Indicators of sustainable de-
velopment: framework and methodologies. United
Nations, Commission on Sustainable Development,
New York, 2001.

2 This document essentially reproduces the
report prepared in November 2003 by PSI for the
International Committee on Nuclear Technology
(ILK), which in turn formed the basis for JLK
Statement ILK-16, January 2004. Compared to
the original version, few basic data changes were
implemented in this report as a result of more re-
cent sources. The modifications which were
made have no significant influence on the re-
sults, and do not affect the original conclusions.

atw 51. Jg. (2006) Heft 7 — Juli




[13] OECD/NEA: Nuclear energy in a sustaina-
ble development perspective. OECD, Paris,
2000.

{14] OECD/NEA: Indicators of sustainable deve-
lopment in the nuclear energy sector — a prelimi-
nary approach. NEA/NDC(2002) 5, Paris, April
2002.

[15] IAEA: Guidance for the evaluation of inno-
vative nuclear reactors and fuel cycles. Report of
Phase 1A of the International Project on Innovati-
ve Nuclear Reactors and Fuel Cycles (INPRO),
Technical Document, JAEA-TECDOC-1362, In-
ternational Atomic Energy Agency, Vienna, June
2003.

Energieversorgung und Nachhaltigkeit
|

[16] Enquéte Commission: Nachhaltige Energie-
versorgung unter den Bedingungen der Globalisie-
rung und der Liberalisiering. Abschlussbericht,
Berlin, July 2002.

[17] Energie-Spiegel: Facts fiir die Energiepolitik
von Morgen. Energie Spiegel Nr. 3, PSI/ETHZ,
Sept. 2000.

[18] S. Hirschberg, R. Dones, U. Gantner: Use of
external cost assessment and multi-criteria decision
analysis for comparative evaluation of options for
electricity. in S. Kondo, K. Furuta (Eds.), Proc. 5th
Int. Conf. on Probabilistic Safety Assessment and
Management (PSAM 5), Osaka, Japan, 27 Nov.-1
Dec., 2000, pp. 289-296.

atw 51. Jg. (2006) Heft 7 — Juli

B

[19] R. Friedrich, P. Bickel (Eds.): Environmental
costs of transport, Springer-Verlag, Berlin, 2001.
[20] S. Hirschberg, T. Heck: Health risks of major
energy chains. S¥VA4-Vertiefungskurs Wirkung ioni-
sierender Strahlung. Winterthur, 4-5 Dec., 2002
(5.2-1 t0 5.2-15).

[21] P. Burgherr, S. Hirschberg, A. Hunt, R.4. Or-
tiz: Severe accidents in the energy sector: damage
indicators and external costs. PSI Report (to be
published).

[22] R. Dones, U. Gantner, S. Hirschberg,
G. Doka, 1. Knoepfel: Environmental inventories
for future electricity supply systems for Switzer-
land. PST Report No. 96-07, 1996. O

457






