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Abstract:

Tin this study the environmental externalities produced in some stages of a hypothetical fusión power plant
have been studied. The results are the CIEMAT contribution in the macro task named "External costs and
benefits" of the "Socioeconomic Research on Fusión" (SERF 1997-98) European project. For the externalities
economical assessment the Externe methodology has been applied. Lauffen, sited in the S W of Germany has
been selected as the hypothetical location of the power plant. The technology, for two different models, was
described by Max Planck Institute and the externalities of the materials manufacturing, power plant construction
and operation as well as accidents have been monetarily evaluated. The obtained results revealed that for
the plant model which uses cooling water, the prevalent cause of external costs were the coilective doses
produced by the global dispersión of 14C emissions. External costs produced by radiological accidents represent
low valúes, however the preliminary assessment performed for the external impacts caused by the ingestión
of contaminated foodstuff and water, point out that a more detailed analysis for this stage, is needed. It should
be noted that the results presented in this study, are partial valúes since other potentially important stages
such as disposal of radiological waste and decommissioning of the power plant, have not been included.

"Estudios Socio-Económicos de la Fusión. SERF 1997-98"

Sáez, R.; Lechón, Y.; Cabal, H.; Lomba, L.; Palomino, I.; Recreo, F.;
Robles, B.; Suáñez, A.; Cancio, D.

113 pp. 29 figs. 30refs.

Resumen:

En este estudio se valoran económicamente las extemalidades medioambientales producidas en algunas de
las etapas de una hipotética central eléctrica de fusión nuclear. Estos resultados constituyen la contribución
del CIEMAT en la macro tarea denominada "External costs and benefits" del proyecto europeo "Socioeconomic
Research on Fusión" (SERF 1997-98). Para la valoración de las extemalidades se ha aplicado la metodología
Externe. Se ha seleccionado la ciudad de Lauffen, situada al sudoeste de Alemania, como emplazamiento
hipotético de la central. Se han evaluado las extemalidades producidas en la fabricación de los materiales,
construcción, accidentes y en la etapa de operación de dos diferentes modelos de planta descritos por el
Instituto Max Planck. Los resultados obtenidos indican que los costes extemos más elevados son producidos
por las dosis colectivas derivadas de la dispersión global del C14, en especial en el modelo que utiliza agua
como refrigerante y que los costes externos por accidentes representan valores muy bajos. Sin embargo,
resultados preliminares obtenidos sobre la posible ingestión de alimentos contaminados por la densa pobla-
ción de la zona estudiada, recomiendan un estudio más detallado de esta etapa. Se advierte que los resultados
presentados en este trabajo deben de considerarse parciales ya que no están incluidas etapas tan importantes
como la eliminación de residuos radiactivos y el desmantelamiento de la planta.
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1. INTRODUCTION

For the last years, there is an increasing concern, both on a political and public opinión level,
about the environmental and socio-economic consequences of our current energy use. Fossil
fuels are accused of contributing greatly to global warming processes and to acid rain.
Nuclear power is also being fought by environmentalists because of the damages that may be
caused by nuclear waste or by nuclear accidents.

In addition to environmental arguments, these fuels are subject to scarcity and will be
depleted in the course of the next century, leading to a severe competition unless additional
energy sources are developed and implemented. Furthermore, overall energy demand is set on
an upward term, driven primarily by population growth and the economic development in the
developing countries. As a result of the combination of these factors: a growing need of
electricity in the world, the threatening scarcity of resources, and the environmental risks
associated to the dominant use of fossil fuels, both industrialised and developing countries
will have to rethink their energy policies and seek for the development of new, competitive
and environmentally friendly energy sources.

In this sense there is a move towards the use of renewable sources, and it is expected that they
will play an increasing role into the next century. By then, some forms of renewables, such as
photovoltaics, biomass, solar thermal and wind power, will probably have reached a
commercially interesting stage. The fusión power is also one of the candidate technologies for
the production of electricity in a sustainable global society in the long-term. As a energy
option, it neither precludes ñor competes with the development of other energy systems. but
will help in containing the further increase in consumption of fossil fuels.

Choosing one energy option or another may have consequences on many aspects of society
and the environment, which should be accounted for if we want to obtain the highest benefits
for the society. These consequences on the society or environment, which are not accounted
for, are termed externalities. They are produced whenever production processes or
consumers' Utilities are affected by variables not controlled by themselves, but by other
economic agents. An often cited example is the loss of production in fisheries due to the spill
of pollutants in rivers. This is the typical situation for energy use. Public health, agriculture,
ecosystems, are affected by the use of energy by others, but are not compensated for that. The
effects may be positive (external benefits) or negative (external costs) and their consideration
may make some energy options more attractive than others in spite of their higher costs or
vice versa.
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2. OBJECTIVES

The general objective of the macro-task E2: "External costs and benefits" is to develop a
quantitative assessment of such a statement for fusión power by means of:

® a broad identification of external cost and benefit items and to perform their quantitative
evaluation

® the comparison with the most relevant other alternatives

® the assessment of the local economic impact of an experimental fusión power plant.

The Macro Task has been structured in five tasks, the first task, Task 1, consisting on the
evaluation of externalities ofthe fusión fuel cycle.
In order to assess the externalities from the whole fuel cycle, the main stages of this cycle
have been identified as follows:

• Upstream stages: extraction, preparation, and transport of fuel components.

• Power generation stage

• Power plant construction

• Power plant operation. Normal operation and accidents.

• Waste disposal

• Power plant decommissioning and restoration
The analysis and quantification of externalities of the stages of the fuel cycle has been
distributed among the contributors of this task, and different subtasks have been identified:

• Sub-task 1.1. Site selection and characterisation. CIEMAT

• Sub-task 1.2. Fusión power station modelling. IPP.

• Sub-task 1.3. Identification of external impacts. STUDSVIK.

• Sub-task 1.4. Evaluation of external impacts of a fusión power plant. Upstream stages.
CIEMAT

• Subtask 1.5. Evaluation of external impacts of a fusión power plant. Power generation
stage. CIEMAT

• Subtask 1.6. Evaluation of external impacts of a fusión power plant. Decommissioning
and waste disposal. STUDSVIK/VTT.

• Sub-task 1.7 Social external costs. IPP.

e Sub-task 1.8. Monetarization of total external impacts ofthe fusión fuel cycle. CIEMAT.

The present document reports results obtained in subtasks 1.1, 1.4, 1.5 and 1.8 regarding the
estimation of the monetatized externalities of the upstream and power generation stages of the
fusión fuel cvcle.
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3. METHODOLOGY

3.1. The ExternE methodology
The methodology that will be used for the assessment of the external impacts of the fusión
fuel cycle is the one developed within the ExternE project (EC, 1995a). It is a bottom-up
methodology, with a site-specific approach, that is, it considers the effects of an additional
fuel cycle located in a specific place.

Quantification of impacts is achieved through the damage function, or impact pathway
approach. This is a series of logical steps, which trace the impact from the activity that creates
it to the damage it produces, independently for each impact and activity considered.

More details on the methodology in general, and on the specific methods for the valuation of
each impact, may be found in the report issued by the ExternE Project (European
Commission, 1995a).

The underlying principies on which the methodology for the ExternE Project has been
developed are:

Transparency, to show precisely how results are calculated, the uncertainty associated with
the results and the extent to which the external costs of any fuel chain have been fully
quantified.

Consistency, of methodology, models and assumptions (e.g. system boundaries, exposure-
response functions and valuation of risks to Ufe) to allow valid comparisons to be made
between different fuel chains and different types of impact within a fuel chain.

That analysis sfiould be comprehensive, we should seek to at least identify all of the effects
that may give rise to significant externalities, even if some of these cannot be quantified in
either physical or monetary terms.

These characteristics should be present along the stages of the assessment of externalities that
are described below.

3.1.1. Stages of the methodology

3.1.1.1.Site and technology characterisation

One of the distinguishing features of the ExternE methodology is the inclusión of site and
technology specificity.

The fuel cycle stages will have to be fully characterised. It cannot be assumed that a particular
stage is not relevant. as all of them. with their corresponding activities, may cause significant
impacts. It is necessary to look at the operations over the lifetime of the plant, as some of the
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impacts arise at the beginning and end of the operating Ufe of the technology. By-products
nave to be taken into account up to the point where they are ready to be used elsewhere.

The use of the impact pathway approach requires also a detailed definition of the scenario
under analysis in physical terms. This includes:

• Meteorological conditions affecting dispersión and chemistry of atmospheric pollutants

• Location, age, and health of human populations relative to the source of emissions

• The status of ecological resources.

The range of the reference environment for any impact requires expert assessment of the área
influenced by the burden under investigation. Arbitrary truncation of the reference
environment is methodologically wrong and will produce results that are incorrect. It is to be
avoided as far as possible. Therefore spatial limits of the analysis should be designed to
capture impacts as fully as possible.

The same applies to the temporal limits. In principie, each impact should be traced for as long
as it is considered to be relevant.

3.1.1.2.Identification offuel chain burdens

For the purposes of this project the term 'burden' relates to anything that is, or could be,
capable of causing an impact of whatever type.

During the identification of burdens no account should be taken of the likelihood of any
particular burden actually causing an impact, whether serious or not. The purpose of the
exercise is simply to catalogue everything to provide a basis for the analysis of different fuel
chains to be conducted in a consistent and transparent manner, and to provide a firm basis for
revisión of the analysis as more information on the effects of different burdens becomes
available in the future.

The need to describe burdens comprehensively is highlighted by the fact that it is only
recently that the effects of long range transport of acidic pollutants, and the reléase of CFCs
and other greenhouse gases have been appreciated. Ecosystem acidification, global warming
and depletion of the ozone layer are now regarded as among the most important
environmental concerns facing the world. The possibility of other apparently innocuous
burdens causing risks to health and the environment should not be ignored.

3.1.1.3.Identification of impacts

The next part of the work involves identification of the potential impacts of these burdens. At
this stage it is irrelevant whether a given burden will actually cause an appreciable impact; all
potential impacts of the identified burdens should be reported. The emphasis here is on
demonstrating that certain impacts are of little or no concern, according to current knowledge.
The conclusión that the externalities associated with a particular burden or impact, when
normalised to fuel chain output, are likely to be negligible is an important result that should
not be passed over without comment. It will not inevitably follow that action to reduce the

10
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burden is unnecessary, as the impacts associated with it may have a serious effect on a small
number of people.

3.1.1.4.Prioritisation of impacts

It is possible to produce a list of several hundred burdens and impacts for any fuel chain. A
comprehensive analysis of all of these for the fusión fuel cycle is clearly beyond the scope of
externality analysis. In the context of this study, it is important to be sure that the analysis
covers those effects that (according to present knowledge) will provide the greatest
externalities. Accordingly, the analysis that will be performed is limited, though only after
due consideration of the potential magnitude of all impacts that will be identified for the fuel
chain. It is necessary to ask whether the decisión to assess only a selection of impacts in
detail reduces the valué of the project as a whole. We believe that it does not, as it can be
shown that many impacts will be negligible compared to the overall damages associated with
the technology under examination.

It is again stressed that it would be wrong to assume that those impacts given low priority in
this study are always of so little valué from the perspective of energy planning that it is never
worth considering them in the assessment of extemal costs. Each case has to be assessed
individually. Differences in the local human and natural environment, and legislation need to
be considered.

3.1.1.5. Oiiantification of impacts

Once we have selected the impacts to be analyzed, the impact pathway for each case has to be
defined, so that impacts can be quantified. The impact pathway links 'burdens' (defined here
simply as something that causes an 'impact') with monetary costs. In some cases these
pathways are very simple, while in others the description of these linkages is far more
complex.

A relatively simple model of an impact pathway is shown on the following figure.

Activity

Consequence

Distribution

Stock at risk

Impact function

Impact

Y "* I Economic valuation i

Cost/Benefit

Figure 3.1. The impact pathway
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The fírst stage to quantify the impacts produced is to determine the consequences or burdens
derived from the selected site and technology option. For example the radioactive emissions
produced by the fusión power plant in the generation stage. The data used to quantify burdens
must be both current and relevant to the situation under analysis. Quantification should be
made of both burdens from normal operation and burdens resulting from accidents.

Besides from quantifying them, these consequences have to be distributed along time and
space, taking into account the system boundaries that have been previously defined. This can
be done more or less easily. For radionuclides distribution, it is required the use of complex
models to determine their transport in the atmosphere as well as in the water courses.

With these data, the stock at risk can be determined. This is the number of receptors, be it
human population, ecosystems, or other, which are likely to be affected by the consequences
of the cycle.

The impacts then are quantified linking this stock at risk with the impact functions. Impact
functions can be rather straightforward, in some cases. For example, to link occupational
accidents with the population at work, accident rates can be used. However, other impacts
require the use of more complex dose-response functions. These relate changes caused in
receptors with the occurrence of the consequences. These functions are often defined for
environmental impacts, such as the effect of pollution on health or forests. For radionuclides
exposure a robust body of knowledge exists for estimating doses and associated impacts.

Two major problems appear in this issue. The fírst is the lack of these impact functions for
some cases, which will require then to use functions developed under other conditions. This
will produce a number of uncertainties, as transferability of these functions is not always
straightforward. The second problem is the existence of interactions in the impact pathway,
which will make difficult to trace all the impacts produced by a certain consequence.

3.1.1. ó.Economic valuation

The rationale and procedures underlying the economic valuation are those used within the
ExternE Project. The approach followed is based on the quantification of individual
"willingness to pay' (WTP) for environmental benefit.

A limited number of goods of interest to this study - crops, timber, building materials, etc. -
are directly marketed. and for these valuation data are easy to obtain. However, many of the
more important goods of concern are not directly marketed, including human health,
ecological systems and non-timber benefits of forests. Alternative techniques have been
developed for valuation of such goods, the main ones being hedonic pricing, travel cost
methods and contingent valuation. All of these techniques involve uncertainties, though they
have been considerably refined over the years.

The base year for the valuation described in this report is 1995, and all valúes are referenced
to that year. The unit of currency used is the ECU. The exchange rate was approximately
1 ECUto US$1.25 in 1995.

As costs and benefits are distributed along wide time periods, they have to be brought to the

12
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present time in order to be compared on the same basis. This is done by discounting, that is,
placing lower numerical valúes on future benefits and costs as compared to the present. The
higher the discount rate, the lower the valué attached to the damages or benefits.

The need for discounting arises mainly for two reasons. The first one is time preference, or
"impatience", that is, the preference to spend now rather than in the future. The second reason
is the marginal productivity of capital.

These are the two main options for the choice of the social discount rate: the social time
preference rate, and the opportunity cost of capital.

However, much of the environmental literature argües against discounting, especially against
high discount rates. High rates may shift the cost burden to future generations. Nevertheless,
as the discount rate rises, so falls the overall level of investment, and with it the need for
natural resources. Henee, high rates may lower the demand for natural resources, and also
discourage development projects competing with existing environmentaily benign uses. This
shows that the choice of discount rates impaets is ambiguous.

The central discount rate used in the ExternE methodology is 3%, with upper and lower rates
of 0% and 10% also used to show sensitivity to discount rate.

The rationale for the selection of this range and best estimate, and a broader description of
issues relating to discounting, was given in an earlier report (European Commission, 1998b).

3.1.1. l.Assessment of uncertainty

Uncertainty arises in each stage of the assessment. When identifying the consequences of
each activity, there may be errors in the estimation, due to the variability of data, or the need
to extrapólate them. In the case of fusión technology this source of uncertainty becomes
specially important.

The quantification of the impaets is also uncertain, mostly due to the complexity of the
phenomena involved. There is a lack of detailed information on human and ecosystem
responses to pollution or other impaets, and so several assumptions, which may prove
unfounded, have to be made.

Economic valuation also presents many caveats. It involves modelling the behaviour of
consumers and producers, and projecting future scenarios, as well as making political and
ethical decisions, such as the choice of the discount rate.

Therefore, there is a large degree of uncertainty associated to the assessment procedure.
Moreover, in some cases the impaets cannot even be quantified at all.

Uncertainty should be treated using traditional statistical techniques. Unfortunately, in most
cases the shape of the probability distribution is unknown, so this is not possible. Instead,
other methods are required, such as sensitivity analysis and expert judgement. The
uncertainties of each stage of an impact pathway need to be assessed and associated errors
quantified. The individual deviations for each stage are then combined to give an overall
indication of confidence limits for the impact under investigation.
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The ExternE updated methodology recommended the use of uncertainty labels for each
impact with a more or less quantitative definition based on geometric standard deviations CTG

and confidence intervals of the lognormal distribution. The main reasons for this are:

i) it is possible to make meaningful distinctions between different levéis of confidence;

ii) the identification of uncertainties and the specification of the probability distributions of
some of elements of the damage cost calculations remain elusive;

iii) providing more explicit valúes of GG for each impact under such circumstances would
imply a false sense of precisión;

iv) the labels chosen are intuitive and convey the key message even to readers without
training in probability theory, yet they do allow a quantitative interpretation.

The labels are:

A = high confidence, roughly corresponding to aG = 2.5 to 4;

B = médium confidence, roughly corresponding to aG = 4 to 6;

C = low confidence, roughly corresponding to crG = 6 to 12.

These labels can be interpreted in terms of multiplicative confidence intervals: if the cost has
been estimated to be ua, the probability is approximately 68% that the true valué is in the
interval [|ig/aG> ¡ig.aG] and 95% that is in [Hg/crG

2, J-V^G2].

3.1.2. Scope

As mentioned abo ve, the starting point of this analysis of external impacts is the definition of
the temporal and spatial boundaries of the system under investigation, and the range of
burdens and impacts to be addressed. Boundaries should be broad enough to capture impacts
as fully as possible and to ensure a fair comparison of the fusión fuel cycle under
investigation with the other alternatives.

3.1.2.1.Spatial and temporal limits ofthe impact analysis

The spatial scope of the assessment of externalities of the fusión fuel cycle is divided into
three scales:

• local scale: which covers the effects on a local área of 100 km x 100 km with the power
plant in the centre.

• regional scale, which covers the effects on Europe

• global scale, which covers the effects on the whole Earth

Consideration global impacts has major implications in the size of the total impact, since
some pollutants, radioactive and conventional, may become widely dispersed through global
ranges and global effects are far greater than effects on the local scale. This is the case of the
global dispersión of H-3 and C-14.

14
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Impacts should be addressed over their full time course. For the fusión fuel cycle under
analysis the time limits are start of construction and the end of site restoration plus 100 years
during which radioactive waste is kept in a repository until the radioactivity comes down to a
safety limit. However, in some cases for the longest lived radionuclides such as C-14 longer
time periods, up to 10,000 years, have been considered.

3.1.2.2.Stages of the fuel chain.

System boundaries should be drawn so as to account for all potential effects. As far as the
fusión fuel cycle is concerned, the stages of the cycle to be considered, as depicted in figure 1,
are the following:

e Fuel (deuterium and lithium) extraction and transport

• Manufacturing of construction materials

• Construction

• Plant operation

• Waste management

• Decommissioning

• Site restoration

3.1.2.3.Other limits ofthe analysis

Within the underlying principies ofthe ExternE methodology is transparency. This means that
all the assumptions made in the calculation ofthe results, the uncertainty associated with these
results and the extent to which the external effects are fully quantified must be clearly stated.
In order to comply with this principie a clear definition of the scope and the limits of the
analysis and the problems that this macro-task faces -follows.

The impact results of this study depend both on the selected site and on the technology due to
the marginal approach used for quantifying the effects. Regarding the location of the power
plant, other impacts may become the case should a fusión plant be located elsewhere, and the
magnitude of these impacts may change should the distribution of receptors around the power
plant be different. Forecasting of density, distribution and characteristics of the receptors of
the impacts, namely population, crops, forests, ecosystems and materials, in the 21st century is
extremely difficult to carry out and clearly situates beyond the scope of this macro-task.
Therefore, quantification of impacts will be done assuming that the conditions prevailing in
the next century remain just the same as they are currently.

As far as technology aspects are regarded, it was agreed in the macro-task technical meeting
at 10n of February in Madrid, that the assessment of externalities ofthe fusión fuel cycle as
well as other alternative fuel cycles will be made considering the current level of technology
development. However, fusión technology is described as it will be in the middle of the next
century when the first fusión power plant will be constructed. In fact, model 1 option for the

15
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design of the fusión reactor is intended to represent advanced technology not yet fully
developed and with some problems still unsolved. Within these 50 years, alternative energy
generation technologies are expected to develop important technological advances leading to
lowering emissions and improving efficiencies, which in turn will lower associated external
effects. Comparison of external costs of different technologies would not be fair without
considering these technological improvements. Therefore, caution should be taken when
drawing conclusions regarding the comparison of external costs of fusión power with those of
other alternative technologies.

Inputs from the macro-task SEO would be needed to identify the most likely developments of
the current technologies for energy generation in the next century. Long term development of
external costs of the different technologies is proposed to be postponed to a future phase of
the SERF project when it will be possible to make use of the findings and conclusions of
macro task SEO.

Monetarization of the external impacts so quantified will be done using the monetary valúes
defined in the ExternE methodology referenced to the year 1995. No attempt will be made in
order to extrapólate monetary valúes of the different impact endpoints to the valué they will
have in the next century. For the purpose of comparison between different fuel chains this
approach is valid and allows ranking different technologies by their external effects.
However, it is important to highlight at this point that it is far beyond the scope of this
assessment of externalities to give a single number summarising the monetary valué of the
external effects of the fusión fuel cycle. The final output of this macro-task will be a range of
the expected external impacts which comprise the uncertainties inherent not only to the
methodology of impact assessment and valuation, but also to the description of a technology
still in phase of development.

3.2. Site selection and characterisation

The site selected for the implementation of the fusión power plant has been Lauffen in the
southwestern part of Germany. The main reasons for this selection were, firstly that it is an
industrialised área similar to that where a fusión power plant could be established in the
future; and secondly, it is a site identified as being suitable for a coal power plant.

The local área around Lauffen has been described in detail.

The power plant would be located in a plateau with a height of around 300 m and presenting a
smooth inclination to the west in the valley of the Rhine river. Annual average temperature is
11.3 °C, the coldest month being December (2.2 °C) and the hottest August (19.5 °C). Winds
tend not to be strong with an annual wind speed of 4.58 m/s. Dominant winds are those from
the West, the south-west and the north-west. There is a dense network of water courses in the
analysed área. The power plant would be located on the river Neckar that goes across the área
from the south to the north and flows into the river Rhine. Agriculture is the dominant land
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use (36% of the total área) followed by forests (36%) and pastures (13%). Dominant crops are
cereals followed by forage plants, oil yielding plants and vineyards. Forests are mainly
coniferous. Population density is very high in the área with an average of 449 inhab/km2' and
with an important percentage of the population aged over 65 years. The site is a well
communicated location either by train.

3.2.1. Geographical locaíion

Lauffen is located in the Bundesland of Buden-Württemberg (figure 3.2), on the river Neckar
about 35 km north of Stuttgart.

The geographical data of the site área are the following:

Longitude: 9.175

Latitude: 49.0816

Figure 3.2. Location of Lauffen within the rest of Germany (Source: EC, 1995b)

3.2.2, Spatial limits of the analysis

The spatial scope of the assessment of externalities of the fusión fuel cycle is divided hito
three scales:

- local scale: which covers the effects on a local área of 100 km x 100 km with the
power plant in the centre.

regional scale: which covers the effects on Europe

global scale. Which covers the effects on the whole Earth

A description of the local área around the power plant follows. The analysis of this local área
is based on the small cells of the EUROGRID system. These cells have a size of 10 Ion xlO
Ion. and the área under analysis ranges from the EUROGRID grid element (66,15) to (75. -
13).
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3.2.3. Topography

General topography of the área in the vicinity of the Lauffen power plant can be observed in
figure 3.3. This figure has been worked out with data of the average elevation of each grid cell
obtained from Ecosense (EC, 1997). There are no important differences in height in the área,
with a máximum altitude of 696 m over the sea level, a mínimum of 98 m and an average
altitude of 316m.

X

Figure 3.3. Topography of the local área around Lauffen (Source: own elaboration)

The southwestern área of the territory presents the highest altitude and the most pronounced
slopes. In the western half of the territory and following a band with N-S direction appears the
valley of the river Rliine with the lowest altitude of the whole área.

The power plant in situated in a plateau with a height of around 300 m and presenting an even
and smooth inclination to the northwest.

The three-dimensional aspect of the relief of the área can be observed in the following figure.
The figure shows a larger área in order to give a broader insight into the general aspect of the
topography of the área. The local área under analysis would be located in the centre of the
territory shown in the figure.
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Figure 3.4. Relief of the área around the power plant (Source: own elaboration)

3.2.4. Climatology

Meteorological data have been obtained from Ecosense (EC, 1998) databases compiling
meteorological data from Stuttgart (about 35 km south of Lauffen). These data are the output
of a numerical predictive model whose input are actual data observed at Stuttgart for the year
1990 (IER, personal communication).

3.2.4.1. Temperatures

Representative temperature data in the área are the following:

Annual mean temperature 11.3 °C

Annual absolute máximum temperature 28.7 °C

- The annual absolute rninimum temperature -2.8 °C

- Average of monthly máximum temperatures 19.8 °C

Average of monthly mínimum temperatures 4.8 °C

The evolution of monthly average, máximum and mínimum temperatures are shown in figure
3.5. The coldest month is December with an average temperature of 2.2 °C, and the hottest
month is August with an average temperature of 19.5 °C.
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Figure 3.5. Temperature evolution throughout the year. (Source: own elaboration)

3.2.4.2. Wind

Winds tend not to be strong, with an annual average wind speed of 4.58 m/s. The most windy
month is February with an average wind speed of 6 m/s and the less windy month is June with
an average wind speed of 3.6 m/s.

Dominant winds in the área are those winds from the West followed by winds from the
Southwest and Northwest as it is depicted in the windrose figure. There is also a seasonal
variation in the direction of the winds. In this way, winds from the West and the Southwest
are dominant in fall and winter months, and in spring and summer, winds from the Northwest
become dominant.

Rosa de Viento de Lauffen
Altura: 200 metros

N
NNE

NW

WNW

wsw ESE

sw SE

ssw SSE

C 3 20<v<30
d U 10<v<20
CZ3 7<v<10
E 3 5<v<7
CU 3<y<5
CID 3<v<3
€ZD 1<V<2
C^l 0.2<v<1

EJE X: n" de horas

Figure 3.6. . Windrose showing dominant directions of the wind in height (200 m) in the
Lauffen local área. X-axis: number of hours. Legend: wind speed in m/s.
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3.2.5. Hydrology

Main water courses in the local área of Lauffen are depicted in figure 3.7. The power plant
will be located cióse to the river Neckar in which the liquid effluents from the power plant
will be released.

\, v • -*_ _r

Lauffen am Neckar X

s
I -

" J ~ - —

Figure 3.7. Main water courses in the área of Lauffen (Source: ADC World Map Gis
production by Studsvik Eco & Safety AB, 1998)

Main tributaries of the river Neckar in the local área are in the left side:

« River Enz

« River Zaber

And in the right side:

• River MUIT

© River Rocker

» River Jagst

« River Elzbach

© River Itter
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River flows in a plain área forming abundant meanders along its course. It passes by a great
number of population centers, the most important being Sttutgart, Heilbronn and Heidelberg
within many others. The river goes across forests and vineyards from the south to the north of
the studied área, turning to the west in Eberbach to eventually flow into the river Rliine.

Detailed information of the river Neckar, regarding flow, speed, uses of the water (irrigation,
human consumption, and fishing) are needed but have still to be gathered.

3.2.6. Land uses

Data regarding land uses have been obtained from Eurostat in a 10 km x 10 Ion grid cell basis.
The dominant land use is the agricultura that represents the 36% of the total área, forests are
the following dominant land use with a percentage share of 26%, and pastures occupying a
13% of the land. Other land uses include urban áreas, lakes and rivers and other natural áreas.

Other
25% Agricuiture

. - " '" ' " • • • • . , 3 6 %

Pastu -v

26%

Figure 3.8. Land uses percentages in the studied área (Eurostat)

3.2.6.1.Forests

Total surface occupied by forests in the local área of Lauffen considered in this study amounts
for 341,256 has which represent a 26 % of the total surface. The spatial distribution of these
forests can be observed in figure 3.9. This figure shows a larger área than the local one, which
would cover 10x10 cells with Lauffen in the centre. A larger área is shown to give a wider
insight in the distribution of forests in the área. These forest concéntrate in the north west
córner of the área where the forests occupy more than 40% of the land. The área with a lesser
surface covered by forest (20-30%) corresponds to the south-eastern área.
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Figure 3.9. Spatial distribution of forests in the local área of Lauffen.

These forest are mainly coniferous (83% approximately) as it can be seen in figure 3.10 and
composed by species of pine, fir, and mainly Norway spruce. The rest of the forest área (13%)
is composed by deciduous species mainly beech and oaks. The european distribution of
deciduous forests can be observed in figure 3.11.

Forest damages from acid rain and ozone are important in the Badén-Wurttemberg área, the
Bundesland where Lauffen is located. These damages range between 10 and more than 20%
of the forest territory affected depending on the región. The most affected one is the Black
Forest región with more than a 20% of the área affected by damages, followed by the
Neckerland región, the Schawabische Alb and the SW-German Alpenvorlan. Overall, oalc and
pine are the most affected tree species while coniferous tree species other than spruce and
pine and deciduous tree species other than beech and oak are the least affected. (EC, 1995b).
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Figure 3.10. Distribution of coniferous forests in Europe (Source: RIVM, 1995)

Figure 3.11. Spatial distribution of deciduous forests in Europe (Source: RIVM, 1995)
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3.2.6. LAgriculture

The distribution of the agricultural surface among different crops is show in figure 3.12. The
dominant crops are cereals mainly wheat and barley (80% of the surface grown with cereal
crops), followed by forage plants, oil yielding plants, permanent crops mainly vineyards and
sugar beets.

anp ni

12%

Sugar
5'

ants O t h e r

-x 13%

beets ^x^m

Oil yielding
plants

8%

Permanent
crops
7%

ereals
55%

Figure 3.12. Surface percentage sharing of the different crops in the studied área

The production and surface occupied by the most important crops in the área are shown in the
following table.

Table 3.1 Production and surface of the main crops in the área

Crop

Wheat

Barley

Other cereals

Oil yielding plants

Sugar beets

Production (t)

412,533.44

333,776.00

55,090.56

7,749.00

639,504.00

Surface (ha)

63,272

62,120

31,488

23,872

13,944

ton/ha

6.52

5.37

1.75

0.32

45.86

Agricultural yields (t/ha) are high in the área, in general over the CEE average with the only
exception of sugar beets whose yield is somewhat lower than the CEE average.
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3.2.7. Population

Population data nave been obtained from Ecosense databases (EC, 1997). Population living in
the local área is 4,488,638 inhabitants. The distribution of this population in the área can be
observed in figure 3.13. The local área covers a square área of 10 x 10 cells with Lauffen in
the centre and the main population centre in this local área is Stuttgart.

Population
M 150 000 13 5 000 DOQ
§1 SO 000 la 150 000
O 20 000 13 £0 000
• 10 000 13 20 000

D o ID 10 eco

Figure 3.13. Population distribution (Source: EUROSTAT data elaboration by Studsvik Eco
& Safety AB, 1998)

Population density in very high in the área as it is shown in figure 3.14. Máximum density in
the local área is 2,277 inhab per square kilometre with an average of 449 inhab/km2 with a
25% of the population living in cells with 500 to 1500 inhabitants per square kilometre.
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Figure 3.14. Distribution of densities in the local área of Lauffen (Source: Own elaboration)

The age distribution of the Germán population is shown in the foliowing table.

Table •

Age

Share

5.2. Age

<6

6.7 %

structure

6-15

9.5%

ofthe

15-18

3.0%

Germán

18-25

10.4%

population

25-45

30.0%

(EC, 1995b)

45-60 60-65

20.0% 5.5%

>65

14.9%

<

60 to 65

25 to 45

15 to 18

<6

0.00% 10.00% 20.00% 30.00% 40.00%

Share

Figure 3.15. Percentage sharing of the different age groups in the Germán population
(Source: Own elaboration).

Most ofthe population is between 25 to 60 years oíd and there is also an important percentage
of people aged above 65 years.
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Asthmatic population is considered to be a 3.5% and the base line death rate for Germany is
0.0099 (EC, 1995b).

3.2.8. Transport netvvork

In figure 3.16 can be observed the transport network of the local área of Lauffen. The site is a
vvell communicated location either by road or by train as it is very cióse to an important city,
Stuttgart.

Main roads in this local área are:

• Highways

® A81E41 which goes in N-S direction linking Sttutgart with Weisberg (cióse to
Heilbron) and with Würzburg more in the north.

® A6E50 road which goes in E-W direction linking Heilbron with Manheim and
Nuremberg.

« Main roads

• B37 which links Heilbron with Heidelberg following closely the course of the
river the Neckar.

Several other main roads and secondary roads exist in the área connecting the different cities
and formina: a dense network.

Figure 3.16. Railroads and roads network in the local área of Lauffen (Source: ADC World
Map Gis production by Studsvik Eco & Safety AB, 1998)
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More detailed information regarding the quality of this network, amount of heavy traffic in
the roads, accident rate statistics has still to be gathered. The location of the supporting
activities of the fuel cycle need to be determined in order to assess possible transport impacts.

3.3. Definition of the fusión fuel cycle

3.3.1. Technology description

The fuel cycle was assessed in the first stage of this SERF project, and a Fusión Plant Model
was provided by the Max-Planck-Institut für Plasmaphysik (SERF Macro Task E2
Intermediate Report, March 1988).

The reference technology is a hypothetical fusión power plant of 1000 MW that would be
installed in Lauffen (Germany) around 2050. For the reactor core two different models will be
presented, differing in the used cooling médium and blanket concept.

The stages of the fuel cycle are shown in the following diagram.
radioactivity is involved are shown in red colour.
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Figure 3.17. Stages of the fusión fuel cycle

3.4. Dispersión modelling

3.4.1. The atmospheric dispersión model

MESOILT2 is an adaptation of versión 2.0 of the MESOI code (Ramsdell et al., 1983)
designed to test the feasibility of using Lagrangian trajectory puff models in climatological
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applications at Hanford (USA). It computes the monthly time-integrated air concentration,
monthly average deposition rate, and month-end surface contamination at nodes of a 31x31
Cartesian grid.

MESOILT2 is a Lagrangian trajectory puff dispersión model in which puff movement is
treated independently of diffusion within the puffs. In MESOILT2 plumes can be represented
by a sequence of puffs. The main characteristics are:

• a three-layer wind model to better study the cases when releases and receptors are at
different levéis

• treatment of deposition and decay phenomena

» adjustment of wind fields to account for anticipated effeets of terrain

Topography may be used in two ways. It may be used in the diffusion calculations, and wind
fields may be modified to account for the expected mechanic effeets of the topography. Like
puff positions, wind fields are specified in a grid with 16 nodes on a side and are modified
only at nodes where terrain effeets are expected, usually locations where the slope is steep.

The three-layer wind field. The bottom layer, which extends from the earth's surface to lOm,
is defined from hourly observations of winds at up to 40 locations in and near the model
domain. Wind direction and speed are independent of the height in this layer but vary
horizontally.

The top layer starts at the top of the mixing layer and extends upward. In this layer the wind is
assumed to be independent of height and uniform over the entire model domain.

Winds in the layer between lOm and the top of the mixing layer vary with both height and
horizontal position. They are computed as needed by linear interpolation between the surface
and top layer winds.

MESOILT2 uses transport components in its calculations rather than wind speed and
direction. The transport components are the components of the movement vector, which is the
direction toward which the wind blows. Conversión of wind speed and direction to transport
components involves rotation of the wind direction by 180° and projection of the resulting
vector on north-south and east-west axes. Añer the wind data at each station have been
converted to transport components, an initial wind field is estimated by interpolation and
extrapolation of the meteorological station transport components to nodes of a 16x16
Cartesian grid. If a meteorological station is not at a node, interpolation and extrapolation to
the nodes is done using 1/r2 weighted averages of the transport components from the
meteorological stations closest to each node.

Añer the wind field has been adjusted for anticipated terrain effeets, MESOILT2 is ready to
begin transport calculations. Puff movement is based on the transport vectors at the position
of the nominal centre of the puff. This position is given by the puffs grid coordinates and the
effective reléase height. Transport vectors at the puff centres are computed as they are needed.
If the effective reléase height is above the top of the mixing layer, transport vector
components computed from the top-level wind are used to determine puff movement. The
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components are not a function of position. If the effective reléase height is lOm or less, puff
movement is based on the surface-level winds. Otherwise, puff movements is based on the
surface wind directly below the puff centre and the top-layer wind. The surface-level transport
vector at the puff centre is calculated from the gridded transport component fields.

3.4.2. Dispersión in river water

General descripiion ofthe model

The river to be analyzed will be divided in several reaches taking into consideration the
physical characteristics of the river, assuming that the variation of the concentration in every
compartment of the river will depend on the concentration in previous compartments, the
decay radioactive factor and the reléase in this compartment.

The movement of radionuclides will be represented by a series of transfers between the
reaches, and between the water and sediment compartment of each reach. Within each reach
the radionuclides are assumed to be uniformly mixed and the transfer of radionuclides
between the reaches is determined by the flow rate of the river. The transfer of adsorbed
radionuclides between the water and sediment compartment of each reach is determined by
settling and resuspension velocities. Upward volatilization from the water compartment could
beallowedforH-3.

The RIVER-RAD, Radiomiclide Transport in Surface Waters, (Hetrick, D.M. et al, 1992)
computer code has been selected to assess the potential fate of radionuclides released to the
Neckar river. The model is simplified in nature and has been developed by the Oak Ridge
National Laboratory to assist in determining the importance of the surface water pathway,
relevant transport mechanism and radiological dose to man. It combines the river part of the
multimedia model Tox-Screen (MacDowell-Boyer and Hetrick, 1982; Hetrick and McDowell-
Boyer, 1984) and the radioactive decay algorithms ofthe Mlsoil model (Sjoreen et al., 1984,
as cited in Hetrick et al, 1992). It also includes a sediment compartment.

The activity of all considered radionuclides in a reach for specified period of time are
obtained by solving a set of two simultaneous equations, one for the activity of every nuclide
in the water column and the second one for the activity of the same nuclide in the sediment
column. Radioactive decay and decay-product build-ups are incorporated for all radionuclide
chains considered in the reléase scenario, and more than one radionuclide chain can be
handled in one simulation.

The output of the model will be monthly valúes of radionuclide activities dissolved, adsorbed
and total form for both the water and sediment compartments.

Input data for the model are divided into water parameters and radionuclides parameters.
General parameters are the number of years to be simulated and the number of parent
radionuclides to be simulated.

Water parameters are:

o Radionuclide source rate into reach number one ofthe river by month
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e Average water velocity of the river, by month

« Number of reaches that river is broken into

e Lengths of each river reach

« Average width and depth of the river

® Average suspended sediment concentration in river, by month

« Sediment density in river

© Water density

© Slope of the river bed

© Median sediment diameter

» Sediment resuspension velocity

« Sedimentation velocity

e Settling velocity (can be computed internally by the code)

Radionuclide parameters are:

© Length of the radionuclide chain

® Decay matrix for every radionuclide chain

© Soil-water distribution coefficient per parent and daiighter radionuclide

• Volatilisation rate constant

Main processes simulated by the model are outlined in figure 3.18.
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Figure 3.18. Main proceses simulated by the River-rad model (from Hetrick et al., 1992)
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3.5. Impact pathways

3.5.1. Impacts of radionuclides atmospheric releases

The most important impact pathways for health of the general public resulting from
atmospheric effluents are (see figure 3.19):

® inhalation of radionuclides in the air

• external exposure due to immersion from the radionuclides in the air

® external exposure from the ground deposition, and

• ingestión of contaminated food resulting from ground deposition

Figure 3.19. Impact pathway for atmospheric releases

5.5.1.1.Inhalation

The annual average intake by inhalation of radionuclide/, I¡nh(i) (Bq/y), in a cell (j.k) ofour
100x100 km grid have been evaluated from the air concentration. These concentration data
are one of the outputs of the Lagrangian trajectory climatological dispersión model used
(MESOILT2, 1991) which is described in the previous section.

I¡nh(i,j,k) = C(i,j,k).R

where. C(i,j,k) is the radionuclide concentration in the (j,k) cell in the air (Bq/m3), and

R is the mean adult annual breathing rate (8030 m7y). It is assumed that the total population
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is adults with the breathing rate of standard man (ICRP, 1974).

The average individual dose, Hr,nh.so(ij»k) (Sv):

HlinloO (Í,j-k) = Iinh (Í, j , k).H¡nh.5O (Í)

H¡nh.5o(i), is the dose conversion factor for inhalation of nuclide / (Sv/Bq). It is used to convert
the activity (Bq) of an inhaled radionuclide into the dose (Sv) received by the average man
over a 50 year period (SEAFP, 1993-2). See Appendix B.

The average individual dose from the annual intake of all nuclides is obtained by:

Hlinh.50 (j .k) = V'HlinloO (Í)
i

The total collective dose H cinh.so (man.Sv) for the whole grid is:

Hcinh.50 = ^(Hlinh.50(j ,k)Ml(j ,k))
j.k

where Nh(j,k) is the number of inhabitants in a cell (j.k).

3.5.1.2.External exposure from the cloud

The dose to the population from the extemal exposure of the radiation in the passing cloud H
icioud (Sv) for radionuclide i is calculated by the following equation:

Hlcloud (Í, j . k ) = C(Í, j,k).Hexp. cloudshine(Í)

where, C(i,j,k) is the radionuclide concentration in the cell (j,k) in the air (Bq/mJ), and H
exp.cioudshine(i) is the dose conversión factor for exposition to the cloud (Sv/y per Bq/m3) for
radionuclide i (SEAFP, 1993-1). See Appendix B.

Being that the passage of the cloud is relatively short process, time is not a factor in this case.

The total collective dose from extemal exposure of the passing cloud for a nuclide /, for the
whole grid, H c.cioudshine is:

He.doud(i) = J(Hi.doud (i,j,k).Nh (j,k))

where, Nh(j,k) is the number of inhabitants in a cell (j.k)

The total dose is the sum of all the nuclides, Hc.cioud (man.Sv):

He. cloud = 2_, He. cloud (Í)

3.5.1.3.Extemal irradiation from deposited activity

For calculation of the extemal exposure due to deposition, time must be taken into
consideration in the assessment to account for the rate of decay and rate of migration of the
radionuclides away from the ground surface. Both of these processes reduce the exposure of
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the population. The amount of time the population spends out of doors will also affect the
calculated because buildings act as shields to the exposure and therefore diminish the
exposure. There has been assumed that the population spends all the time outside.

Regarding the integration time, it has been considered the dose received from an integration
period of one year due to the especial characteristics of the radionuclides involved in the
fusión power. From all of the radionuclides released in the functioning of the power plant
those with half Uves above 1 year are mainly tritium and C-14. These radionuclides do not
deposit on the ground as they mix within the hydrological and organic matter cycles.
Therefore, no additional dose would be received after one year of exposure.

The average individual dose from external exposure, H idep (Sv) can be expressed by:

Hldep (Í,j,k) = W (Í,j,k).Hexp.dep (í)

where, H expdep (i) is the dose conversión factor for exposure to the ground (Sv per Bq/rrf.s)
for radionuclide / (SEAFP, 1993-1), see Appendix B. Each dose conversión factor
characterises the individual dose rate from unit activity of a particular source nuclide for a
given exposure geometry. Typically, the source región is considered to be infinite (or semi-
infinite) and the nuclide concentration to be uniform across the source región. These
simplifying assumptions are made so that analytical solutions may be employed. For a given
exposure type, the dose conversión factor depends only on the physical properties of the
decay in question: the important properties being, the types, energies and frequency yields of
particles and waves emitted.

w(i,j,k) is the average deposition rate (Bq/m2.s) for radionuclide i . Deposition data come
from MESOILT2 (MES0ILT2, 1991).

The total collective dose from external exposure for a nuclide /, H cdep (man.Sv) for the whole
grid, is calculated using the following equation:

Hcdep(i) = £(Hldep(iJ,k).Nh(k,j.))
j.k

The total dose is calculated by summing over all nuclides H cdep (man.Sv):

Hcdep = 2 \ Hcdep (Í)

3.5.1.4. Ingestión of con tamin atedfoodstuffs

The human consumption pathway via agricultural producís is due to direct deposition of
radionuclides on the surfaceof the vegetation, as well as the transfer of the radionuclides into
the vegetation through the soil to the roots.

The quantity of radionuclide i, entering the diet of the population from unit mass of food p,
consumed annually for a Germán adult to time t, can be directly related to the deposition rate
w(i,j,k) by:

CP(i,p,t) = w(i,j,k
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where, CP(Lp.t) is the contamination rate of food product p by the nuclide / (Bq/kg), w(i,j,k)
is the average deposition rate (Bq/m2.s) of radionuclide /, and CT(i,p,t) is the transfer
coefficient for product p integrated for t years (Bq/kg per Bq/m2.s).

The average consumption rates and the edible fractions of the different producís presented on
table 3.3 are used to calcúlate the dose to the local population. The edible fraction of a food
product is needed when a part of the mass is lost during preparation and consumption. It is
difficult determine the origin of food for the designated population, therefore it is assumed
that food produced in an área is consumed in that área. The amount of food consumed in
Germany in kg/person in a year was obtained from national statistics (Ministry of Agriculture,
personal communication).

It is necessary to determine the amount of time between harvest and consumption of the food.
Due to radioactive decay, the amount of activity will decrease in the food relative to the half-
life and shelf time of the food.

Table 3.3. Average consumption rate for a Germán adult per year and edible fraction of food

Product Average consumption (Kg/y) Edible fraction

0.8

1

0.8

1

1

1

1

0.7

0.7

0.7

The collective dose for ingestión integrated on t years, for radionuclide i, Hcma.t (man.Sv) is:

Hc¡ng..(i) = ^(CP(i,p,t).H¡nB.5o(i).Cons(p).Fcp(p).D(p))
f

where H ¡na.5o(i) is the effective dose conversión factor for ingestión committed for 50 years
(Sv/Bq) for radionuclide /, Cons(p) is the annual average collective consumption of product p
(kg/y), Fcp(p) is the edible of the product f, and D(p) is the factor which takes into account the
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Cow

Pork

Poultry

Fish

Fresh milk

Milk by-products

Grain

Potatoes

Fruit

Vegetables

16.6

54.9

13.4

14.1

25.5

46.7

73.9

72.8

116.7

87.1
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radioactive decay during the delay between harvest or animal slaughter and consumption.

For all nuclides the collective dose for ingestión Hc¡ng,t (man.Sv) is:

Hcing, t = 2, Hcing. t (i)
¡

3.5.2. Impacts of radionuclides liquid releases

The priority pathways for liquid releases into a river considered in this project are:

• The use of the river water from drinking or irrigation, and

• The consumption of fish

The impact pathway considered for aquatic releases is depicted in figure 3.20.

FISH ANDSEAFOOD

LIQUID
DISCHARGE

HUMAN
HEALTH

MONETARY
VALUATION

IRRIGATION OF
CROPS

Figure 3.20. Impact pathway for aquatic releases

3.5.3. Impacts of radiological accidents

Assessment of accident consequences has not been performed in this phase of the project.
Alternatively previous estimations of doses from the SEAFP project have been used to
calcúlate expected health effects and resulting external costs.
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3.5.4. Global dispersión of radionuclides

For most of nuclides released in a fusión facility, dispersión in the environment is essentially
limited to the local or regional zones. Alternatively, there are a few numbers of long-lived
radionuclides that may become widely dispersed throughout the world's atmosphere and
oceans. In this project, the two radionuclides that are evaluated on a global scale are H-3 and
C-14. Tritium (H-3), with about 12-year half-life, rapidly becomes mixed into the global
hydrogen cycle. Carbón-14, with over a 5,700-year half-life, mixes with the global carbón
cycle. The total collective dose received from these radionuclides is dominated by the dose
received by the world (as opposed to the local or national) popuiation. It is therefore
important to include an assessment of the impact of these radionuclides when assessing the
external costs of the fusión fuel cycle. In all cases, the world popuiation is assumed to remain
at a constant 10,000 million people for all the time scope considered.

Models for assessing the radiological impact of radionuclides dispersed on a global scale are
giveninIAEA(1985).

3.5.4.1.Tritium

Several models are available for predicting the global dispersión of H-3. They are all based on
the global hydrological cycle. The model used in this assessment divides this cycle into seven
compartments (atmosphere, surface soil water, deep groundwater, surface streams and fresh
water lakes, saline lakes and inland seas, ocean surface and deep ocean), assuming a certain
rate of transfer of H-3 between the compartments. An estímate intake of water by man from
each of the different compartments is used to calcúlate the global collective dose.

Using this model, coefficients have been developed to allow for easy calculation of the global
collective dose. Since doses from global dispersión will be essentially independent of the
location of the reléase, these coefficients can be applied directly to the emissions in MBq of
the Lauffen fusión power plant to estímate the global collective doses. These coefficients for
different integration periods after exposure are show in table 3.4.

Due to the half-life of tritium after 30 years no additionai dose is received by the popuiation
(IAEA, 1985; EC, 1995a).

3.5.4.2.Carbon-14

The model used for the global carbón cycle is a box diffusion one which includes as
environmental compartments the atmosphere, terrestrial biosphere, the ocean mixing layer
and the deep ocean (IAEA, 1985). The impact to the global popuiation is calculated using the
average intake of carbón through the diet. The coefficients derived for the calculation of the
global collective dose are also shown in table 3.4. This radionuclide contributes to the global
collective dose until it has decayed away (about 60,000 years).
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Table 3.4.Collective effective dose for the reléase of 1 MBq of each of the nuclides to the
atmosphere. (IAEA, 1985)

Integral of Collective effective dose equivalent rate to
various times (man.Sv/MBq)

Tritium Carbón-14
50 years 9.4 e-09 9.9 e-06
lOOyears 9.4 e-09 1.3e-05
1,000 years 9.4 e-09 3.3 e-05
10,000 years 9.4 e-09 9.3 e-05

3.5.5. Non radiological impacts

Non radiological impacts considered in this study are those produced by emissions of
conventional pollutants from some stages of the fuel cycle, on several receptors such as
human health, crops, materials, etc. These stages are mainly those related with transpon
activities, in which atmospheric emissions of conventional pollutants are the priority burdens.
Those impacts of the occupationai domain that transíate into deaths and injuries to the work
forcé not related to radiological exposure are also investigated. In addition, the energy use
related impacts from the manufacturing of the materials of the fusión power plant are also
considered, taking into account the emissions of the manufacturing processes, as well as the
associated emissions to the energy use in these processes.

3.6. Assessment of health effects

3.6.1. Radiological health effects

The operation of a fusión facility at some stages of the fusión fuel cycle can lead to an
increased exposure to ionising radiation for both the workers at that installation and the
general public. The radiological impact associated with the normal operations at all stages of
the fusión fuel cycle should be quantified. Additionally, the radiological impact of potential
accident situations at all stages should also be taken into consideration.

Exposure to ionising radiation can lead to both deterministic and stochastic effects in humans.
Deterministic effects result when sufficient cells in a tissue are killed to impair the
functioning of that tissue. Deterministic effects only occur above a certain threshold level of
radiation exposure. During the normal operation of all facilities in the fusión fuel cycle all
individual exposures will be below these threshold valúes. Individual dose levéis above these
threshold valúes can only occur during accident situations. Deterministic effects are therefore
not considered for the normal operation analyses in this study.

Stochastic effects can occur when an irradiated cell is modified rather than killed. If the
modified cell is ñor repaired it may develop in to a cáncer. If the damage is to a germ cell this
may lead to effects in the progeny of the individual exposed. In this study the stochastic

39



SERF1997-98 Macro Task E2.

Task 1. Externalities of the fusión fuel cycle.

Subtasks 1.1, 1.4, 1.5 and 1.8

effects considered are fatal cancers, non-fatal cancers and severe hereditary effects. It is
assumed that there is no threshold level of dose for the occurrence of stochastic effects and
that the dose-response fimction is linear and begins at the origin. This assumption implies that
the collective dose to the population can be used to calcúlate the total number of expected
health effects.

Assessment of stochastic health effects from radiological exposure has been made using the
risk factors used in the ExternE project methodology (EC, 1995a) which are those
recommended by the ICRP and presented below (ICRP, 1991).

Table 3.5. Risk factors for the occurrence of health effects
Population

Public
Workers

Fatal cancers
0.05
0.04

Occurrence (per man.Sv)
Non-fatal* cancers Severe

0.12
0.12

hereditary effects
0.01
0.006

*Rounded valúes

The fraction of cancers that would be expected to be non-fatal are calculated based on the
expected number of fatal cancers and the lethality fractions reported for 9 categories of
cancers in ICRP60. This is reflected in the aggregated non-fatal factor of 0.12. The different
age and sex distributions in the working population and in the general public influence the
expected occurrence of disease of all three types of health impacts.

The measures needed to quantify the radiological impact are therefore the collective dose to
the public and the collective dose to the workforce.

3.6.2. Non-radiological health effects

Non radiological health effects produced by the exposure to conventional pollutants
considered in the study are those recommended by the ExternE methodology. The health
endpoints considered are reported in Appendix E of this report. Details on the development of
the considered dose-response functions can be found elsewhere (EC, 1998b). Furthermore,
occupational health impacts and traffic accidents resulting in deaths and injuries were also
considered.

3.7. Monetary valuation

3.7.1. Non-radiological health effects

3.7.1.1. Occupational and public accidents

Injuries and deaths produced in occupational as well as in traffic accidents are valued in
monetary terms foliowing the ExternE recommendations.

The valuation of mortality in accidents is made using the VSL valué of 3.14 MECU. The
valúes considered for injuries in accidents are shown in the table.
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Table 3.6. Monetary valúes of accidents
ECU

Workers&public accidents (minor) 6970
Workers&public accidents (major) 95050

3.7.1.2.Health effectsfrom non-radiologicalpollutants exposure

Monetary valúes for these health end points are once more those recommended by the
ExternE updated methodology. Monetary valúes used for these health effects are also reported
in Appendix E. The rationale under the selection of these valúes can be found elsewhere (EC,
1998b).

3.7.2. Radiological health effects

The number of cancers predicted for the future is directly related to the dose received by the
population. If no discount rate is applied, the total number of cancers is used directly to
calcúlate the monetary damages. When a discount rate other than zero is used then the time
span of the impacts has an effect on the monetary evaluation. For radiological impacts this
implies that both the time distribution of the exposure of the population group and the time
distribution of the health effects which results from this exposure have to be taken into
account. The time distribution of the exposure of a population group will depend on that
group and on the exposure pathways. All occupational exposures resulting from the activity in
a given year will occur in that year. For the general public the exposure pathways are more
complicated and releases in one year may lead to exposures in future years. The time
distribution of the health effects that results from an exposure is governed by the population
group under consideration and the latency times for the different health effects.

In this study a number of simplifying assumptions have been made when modelling the above
two factors. In general it was assumed that all exposures resulting from the releases in a given
year occur in that year. The exception is for long lived global circulation nuclides. For short
lived radionuclides this is clearly a realistic assumption. For longer lived radionuclides the
reasonableness of this assumption will depend upon the characteristics of the radionuclide and
of the environment into which it is released. The impact of this assumption will be to
overestimate the costs of the radiological impacts for discount rates other than zero. Since
most of the radionuclides of the fusión fuel cycle are relatively short lived the approach
followed seems to be realistic. The only exception would be the releases of Carbon-14. The
collective dose resulting from the exposure to this radionuclide of the global population will
be calculated considering different integration times after reléase.

The time distributions of the resulting health effects have been modelled by using average
latency periods for the different cáncer types. The average latency periods and the resulting
average number of Ufe years lost are given in ICRP (1991).

For discount rates other than zero, assumptions also have to be made concerning the time
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frame in which the various activities in the fusión fuel cycle take place.

In this study the time period between the decisión to build a fusión power plant and it coming
online is assumed to be 10 years. The power plant is assumed to remain operational for 35
years.

Due to the simplifications mentioned above, it must be emphasised that the calculations for
discount rates other than zero should be interpreted as illustrative.

3.7.2.1.Non-fatal cáncer

Following ExternE methodology (EC, 1998), a monetary valué of 450,000 ECU for a non
fatal cáncer is used. This valué should be added to the cost of a fatal cáncer to reflect the pain
and suffering.

3.7.2.2.Severe hereditary effect

The first assumption is that if a severe hereditary effect occurs it will either result in
immediate death or a severely impaired life, therefore, it seems appropriate to the Valué of a
Statistical Life of 3.14 MECU for the valuation of this impact. Since the effects will occur
during the next several generations after exposure, a modified valué is computed by a factor
of 0.114 for 3% discount rate and 0.015 for 10% discount rate.

3.7.2.3.Fatal caneers

A simple way to valúate a radiological fatal cáncer is to take the mean valué of years of life
lost (YOLL) of leukaemia, lung and stomach cáncer at the different discount rates, as shown
in table 3.7. and adding 450,000 ECU as the cost of illness.

Table 3.7. Monetary valúes of Years of Life Lost for different cancers and discount rates

Leukaemia Lung cáncer Stomach cáncer
Latency (years)
Estimated mean YOLL
Monetary valué (YOLL)
DR: 0% (VLYL=98,000)
DR: 3% (VLYL=155,000)
DR: 10% (VLYL=312,000)

The monetary valué of fatal

0% 2,180,000 ECU

3% 1,744.000 ECU

10% 1,107.000 ECU

8
22

2,160,000
1,810,000
1,180,000

cáncer results is:

15
16

1,570,000
1,080,000
418,000

15
15

1,470,000
992,000
373,000
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Based upon these assumptions the cost of a manSv received in a given year and discounted to
that year were calculated. These valúes are given in Table 3.8.

Table 3.8. Summary of the monetary valúes of radiological effects for different discount rates

Non fatal cáncer
Hereditary effect
Fatal cáncer
Valúes per man.Sv

Public
Workers

DR 0%
450,000
3,140,000
2,180,000

194.400
160,000

DR 3%
450,000
357,960
1.744.000

144,800
125,900

DR10%
450,000
47,100
1.107.000

109,800
98,600
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4. OVERVIEW OF BURDENS

4.1. Upstream stages

4.1.1. Fuel supply

Burdens imposed by the supply of fuel to the fusión power plant will be those produced by
the Deuterium extraction plant and by the process of Lithium extraction and enrichment. Only
data on the deuterium plant are available. Identified burdens in this process are:

© Atmospheric emissions from furnaces and boilers

© Burdens derived by the electricity use in the plant (associated atmospheric emissions)

« Use of river water

The use of natural gas in furnaces and boilers, the reduced amount of electricity needed for
the operation of the deuterium plant, together with the reduced amount of fuel needed for the
operation of the fusión power plant preclude these burdens to produce significant impacts and
therefore they will be excluded from the assessment.

4.1.2. Fuel transport

Burdens imposed by transport are atmospheric emissions, road accidents, noise etc. However,
the quantities of fuel required to be transported to the fusión power plant are so small that
their impacts are likely to be negligible and they will not be considered in this assessment.

4.1.3. Power plant construction

In the construction stage possible burdens are:

• Burdens derived by the energy use in materials manufacturing processes

® Atmospheric emissions from the transportation activities as well as those arising
from the building activities themselves.

• Releases into water

® Road accidents due to the increased number of transport during this phase.

® Occupational accidents in the construction ofthe power plant

« Noise

o Road use

s Production of waste
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4.2. Power plant operation

4.2.1. Normal operation

During normal operation burdens are:

© Atmospheric emissions consisting in radioactive releases of Tritium and activation
products.

® Releases into water: tritium and water from the cooling system containing
activation products.

• Cooling aspects

» Noise emissions

• Electromagnetic fields

• Production of waste

« Burdens imposed by the transportation of the personnel and equipment (likely to
be negligible)

• Burdens from transport of the replacement materials

4.2.2. Accidents

• Atmospheric releases of tritium and activation products in radiological accidents

• Releases of toxic substances: Lithium, Beryllium, Vanadium, Chromium and
Lead.
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The impacts produced by the burdens identified above are shown in the following table. The
ones considered in this assessment of the fusión fuel cycle are highlighted.

Tabie 5. Impacts of the fusión fuel cycle

Impacts Fuel Fuel Materials Construction Power plant operation
supply transport manufacturing

o o "S

O"73 2< <U O £ ""3 fe ' O S

2 3 '3 '•£ 2 R< S ^ 3 o o o
HS ffls hü S O Í ! ^ O <

Public health / / •/ y / / •/ /

Occupational health y y y •/ / y /

Terrestriai y y y y y y y

ecosystems

Agricultural systems y y •/ y y y /

Forests •/ / / -/ / /

Aquatic ecosystems / / / / / /

Deterioration of •/ / / / y /

materials

Global warming / •/ / •/ / ./

Noise y y y y y

Visual amenity y y

Waste y y
The assessment of impacts is primarily focussed on radiological impacts on both workers and
the general public, including fatal and non-fatal cancers and hereditary effects. In addition
occupational and traffic accidents leading to deaths and injuries are analyzed. For the non-
radioactive pollutants emitted from the fusión cycle, mainly in transport activities and
manufacturing of construction materials, the set of impacts assessed for fossil fuel cycles and
transport in the ExternE methodology are considered based on previous work performed on
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these cycles (EC, 1998a; EC, 1998c). These impacts include effects on public health, crops,
materials, ecosystems and global warming.
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6. QUANTIFICATION OF IMPACTS AND DAMAGES

6.1. Upstream stages

6.1.1. Materials manufacturing

Assessment of external impacts related to the energy use and emissions in the production and
manufacture of materials for the fusión power plant has been performed by RIS0 National
Laboratory of Denmark. This assessment has been performed using a LCA model developed
in Denmark. The model is able to assess the energy use related production, transportation and
manufacturing of one kg material. The energy use is divided into fiiels in order to estimate the
emissions through the Ufe cycle.

For all the materials the estimation of energy and emissions is based on the total lifecycle of
the materials. The energy supply system has been assumed to follow Danish conditions.

Complete calculation procedures and details on the methodology followed can be found in
appendix C.

Once the emissions associated to this stage of the fuel cycle have been estimated, the external
costs are calculated using the results from the ExternE National Implementation Project in
Germany (EC, 1998c) expressed in ECU/t of pollutant emitted for SO2 and NOX . For CO2

and ozone the valúes recommended by the updated ExternE methodology (EC, 1998b).
External costs related to particles were not estimated since particulate emissions were not
known.

Results obtained are summarised in table 6.1.

Table 6.1. Emissions and related external costs for the fusión plant materials production

SOj NO CO2

Emissions 0.004 g/kWh 0.006 g/kWh 5.46g/kWh

Damage costs per ton pollutant 9732 ECU 4214 ECU 3.8-139 ECU

1500 ECU (ozone)

External costs in mECU/kWh 0.04 0.03 0.02-0.76

Subtotal external costs for this stage ofthe fuel cycle are 0.32 mECU/kWh as a mid estimate. .

6.1.2. Power plant construction

It has been estimated that the construction of the fusión power plant considered will last
approximately 12 years. Along these years there are no radioactive materials present, and so
no radiological risks will be included in this section.
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The population that is mainly at risk are the workers involved in the construction, so the
occupational impacts should be taken into account. Other risks are expected due to the
transportation of the necessary materials.

6.1.2.1.Public domain

The risks to the public of the construction of a fusión power plant are expected to be mainly
due to the transportation of the necessary construction material. The amount of replacement
materials is included within the construction materials, and their impacts are evaluated
together.

The amount of construction materials is shown in the foliowing table:

Table 6.2. Amount of construction materials

Model 1
Tokamak building
Tokamak service buildings
Conventional buildings
Energy production devices
Reactor
Replacement materials
TOTAL
Model 2
Tokamak building
Tokamak service buildings
Conventional buildings
Energy production devices
Reactor
Replacement materials
TOTAL

Steel

1.37E+05
3.22e+04
1.86e+04
1.00e+04
5.61E+04
7.07E+04
3.25E+05

1.37E+05
3.22e+04
1.86e+04
1.00e+04
5.61E+04
1.17E+05
3.71E+05

Concrete

3.23E+05
7.52e+04
2.75e+05
8.53e+03

6.82E+05

3.23E+05
7.52e+04
2.75e+05
8.53e+03

6.82E+05

Earth (t)

8.46E+05
1.54e+05
2.17e+05

1.22E+06

8.46E+05
1.54e+05
2.17e+05

1.22E+06

Others

6.49e+02
6.72E+03
4.12E+04
4.86E+04

6.94e+02
1.22E+04
2.75E+04
4.04E+04

To evalúate the damages produced by the transportation of these construction materials, it is
necessary to estimate the transport distance, as well as the mode of transport. These data have
been taken from the ExternE report of Coal and Lignite (EC, 1995 vol. 3) which evaluates the
effects of a coal power plant located in Lauffen. Therefore, the transportation mode and
distance apply to this fusión power plant as well. These data are shown in the foliowing table:

Table 6.3. Transportation mode and distance travelled.
Mode
transport
Truck

of Material

Steel
Concrete
Others
Earth

Model 1

3.25E+05
6.82E+05
4.86E+04
1.22E+06
2.27E+06

Model 2

3.71E+05
6.82E+05
4.04E+04
1.22E+06
2.31E+06

Share

0.75
1

0.75
1

Transport
distance

200
50

200
50

Model 1
(t.km)

4.87E+07
3.41E+07
7.29E+06
6.08E+07
1.51E+08

Model 2
(t.km)

5.56E+07
3.41E+07
6.07E+06
6.08E+07
1.57E+08
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Railway Steel
Others

3.25E+05
4.86E+04
3.73E+05

3.71E+05
4.04E+04
4.11E+05

0.25
0.25

200
200

1.62E+07
2.43E+06
1.87E+07

1

2

.85E+07

.02E+06

.06E+07

Atmospheric emissions are mainly due to the transport of the construction materials. These
transport activities will be carried out by truck or train depending on the material (EC, 1995
Coal and Lignite). Concrete as well as soil from the excavation will be entirely transported by
truck and a distance of 50 km is considered. Steel and the other materials are considered to be
transported a 75% by truck and a 25% by train and the transport distance considered is 200
km.

In order to estímate the damages produced by the emissions of this transport stage, results
from the ExternE Transport project have been used. In this project the energy related external
costs of road and rail transport were estimated in two cases. Case 1 is a regional transport
from Stuttgart to Mannheim leading mainly through extra-urban áreas. The transport that will
take place in the construction of the fusión power plant under consideration will be in this
same región, and therefore the obtained marginal impacts in mECU/t.km can be directly used.

The methodology to obtain these valúes are based on the impact pathway approach with the
stages:

• emission modelling

• dispersión modelling

• estimation of physical impacts using exposure-response functions

• and monetising the impacts.

Pollutant concentration increments in the environment due to vehicle emissions were
estimated using a Gaussian dispersión model ROADPOL which estímate pollutant
concentration for Une sources on the local scale, and the WTM on the regional scale.
Exposure response functions for human health, crops and materials were applied using
corresponding receptor inventories. Monetary valúes for the individual end-point lead finally
to the cost estimate. Valuation of mortality impacts is based on the Years-of-life-lost (YOLL)
approach.

Results for rail transport are based on average valúes for electricity consumption of the trains.
External cost estimates for Germán power plants were used, according to the energy mix of
the trains. Further details on the methodology and results can be found in the final report of
the project (EC, 1998).

The damages obtained considering 20 t trucks with average load factors and good trains are

® 43.68 mECU/t.km for trucks

a 3.02 mECU/t.km for trains

The resulting damages considering our transport necessities are shown in the following table:
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Table 6.4. Transport damages (accidents not included)

Model 1
Truck
Railway

Model 2
Truck
Railway

t.km

1.51E+08
1.87E+07

1.51E+08
1.87E+07

mECU/t.km

43.68
3.02

43.68
3.02

MECU

6.59E+09
5.63E+07

6.84E+09
6.21E+07

mECU/kWh

2.86E-02
2.45E-04
2.89E-02

2.97E-02
2.70E-04
3.00E-02

It has to be noted that the present results do not give the fiill external costs of transport. Only
energy related effects were regarded, above all caused by airborne pollutants and greenhouse
gases. Other impacts such as accidents have not been included in the results.

In fact, the transport of construction material implies an increase in the traffic intensity that
may lead to an increase in the number of deaths and injuries due to road accidents.

Accident rates for Germany were taken from the ExternE study of Coal and Lignite. The
valúes considered are the following:

Table 6.5. Accident rates
Road transport Rail transport

Accident rate per 10 t.km Accident rate per 10 t
Killed
Major accident
Minor accident

0.85
10.9

343.7

0.027
0.31
16.9

Taking into account the amount of materials transported in the construction of the power plant
as well as the distance travelled, damages resulting from accidents can be calculated. Results
are shown in the following table.

Table 6.6.

Model 1

Road
Train
Sub-total
Model 2
Road
Train
Sub-total

Transport
Impacts

Deaths

1.28E-01
1.01E-02
1.38E-01

1.33E-01
1.11E-02
1.44E-01

accidents damages

Major
injuries
1.64E+00
1.16E-01
1.76E+00

1.71E+00
1.27E-01
1.83E+00

Minor
injuries
5.18E+01
6.31E+00
5.82E+01

5.38E+01
6.95E+00
6.08E+01

Damages (mECU/kWh)

Deaths

1.75E-03
1.38E-04
1.89E-03

1.82E-03
1.52E-04
1.97E-03

Major
injuries
6.80E-04
4.78E-05
7.27E-04

7.05E-04
5.27E-05
7.58E-04

Minor
injuries
1.57E-03
1.91E-04
1.76E-03

1.63E-03
2.11E-04
1.84E-03

Sub-total

4.38E-03

4.15E-03
4.15E-04
4.57E-03
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6.1.2.2.Occupational domain

The potential impacts in the occupational domain fall into two general categories, accidents
and diseases. As there are not available statistics concerning power plant construction, the
impact should be estimated with indirect methods. National economic data and the total cosí
of construction could be used to estimate the workforce involved.

Starting from the total construction cost that could be estimated in 4600 MECU (IPP personal
comunication), this amount may be divided into industrial groups involved in the
construction. A reasonable share could be:

Table 6.7. Industrial groups involved in the construction (Source: EC, 1995. Nuclear)
Economic branch
Ferrous metáis
Mechanical engineering
Electrical engineering
Building Trade and Civil Engineering
TOTAL

%
4
58
18
20
100

Investment (MECU)
184

2668
828
920

4600

With the investment in each industrial branch it could be estimated the construction workforce
per sector, using the specific turnover per per son. Accident statistics of the compensation
societies can be used to estimate the expected risks per person-year.

Data of the specific turnover per person and accident statistics of each economic branch in
Germany are shown in the following table:

Table 6.8. Turnover per person and accident statistics for each economic branch involved in
the construction of the power plant.

Steel Mechanical Electrical Construction
engineering engineering engineering

Turnover (lOOOECU/person-year)
Fatal accidents / person-year
Fatal diseases / person-year
Major accidents / person-year
Major diseases / person- year
Minor accidents / person-year

With these data the work forcé involved in the construction of the power plant and the
expected number of accidents can be estimated. Results are shown in the following table:

88.94
3.70e-05
2.30e-05
1.0e-03
2.2e-04
7.8e-02

89.45
4.30e-05
1.65e-05
2.4e-03
3.0e-04
7.7e-02

89.70
2.65e-05
8.56e-06
6.2e-04
9.8e-05
2.6e-02

66.00
l.le-04
1.55e-05
2.8e-03
2.1e-04
l.lle-01
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Table 6.9. Expected occupational health impacts from the construction of the power plant

Man power (person - year)
Deaths / TWh
Major accidents and diseases
/TWh
Minor accidents / TWh

Steel
engineering

2069
5.40e-04
8.99e-03

7.02e-01

Mechanical
engineering

29827
7.72e-03
3.11e-01

9.99e+00

Electrical
engineering

9231
1.41e-03
2.49e-02

1.04e+00

Constructio
n

13939
7.61e-03 1
1.70e-01 5

6.73e+00 1,

Total

55066
.73e-02
.15e-01

,85e+01

Using the monetary valúes shown in section 5.5.1.1. damages can be calculated. Results are
shown in the following table:

Table 6.10. Occupational damages of the construction of the power plant

Deaths
Major accidents and diseases
Minor accidents
Sub-total

Impacts per
TWh

1.73e-02
5.15e-01
1.85e+01

Monetary
valué (ECU)

3140000
95050
6970

Damages
mECU/kWh

5.42e-02
4.89e-02
1.29e-01
2.32e-01

6.1.2.3.Summary of the power plant construction stage

Table 6.11. Summary of the construction stage

Transport of
construction materials

Building activities

Sub Total

Damages from
atmospheric
emissions
Road accidents
Occupational
accidents

Model 1
(mECU/kWh)

2.89E-02

4.38E-03
2.32e-01

0.26
(0.08-0.91)

Model 2
(mECU/kWh)

3.00E-02

4.57E-03
2.32e-01

0.27
(0.08-0.92)

6.2. Power generation

6.2.1. Normal operation

6.2.1.1.Public health

Atmospheric releases

Atmospheric releases of radionuclides during normal operation of the fusión power reactor
are summarised in the following table.
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There are two variants in each of the plant models considered regarding the composition of
the plasma facing components, containing either Beryllium or Tungsten, and also regarding
the type of shroud gas used, nitrogen or argón. These differences lead to the identification of
four possible cases in each plant model. In order to easy the implementation of the analysis,
only one possibility in each model has been selected. The combination of materials that
produced the higher emissions has been selected following a conservative criterion. Tliis
combination corresponds to the use of Argón and Tungsten. The associated emissions to this
combination are summarised in the following table.

TaMe 6.12. Atmospheric releases of radionuclides during normal operation of a fusión power
plant.

Model 1
C-14
H-3
Activation producís
(otherthanC-14)

Model 2
C-14
H-3
Activation producís
(otheríhanC-14)

Activity released (TBq/TWh)

1.37e-15
4.92e+l
2.51e-3

8.39e-2
3.8e+l
6.56e-2

There is a large list of radionuclides included in these activation producís. Most of íhe acíiviíy
from íhe model 2 originaíes from coolaní loop acíivaíion and subsequení escape from íhe
loops, whereas cooling loop acíivaíion and cryosíat shroud gas acíivaíion are importaní in íhe
model 1. Emissions from plañí model 1 are considerably smaller than those from plañí model
2 and furthermore predominantly are composed by radionuclides of half Uves below 1 day.
Some radionuclides whose contribution ío íhe total emission is below 0.5%, have been
excluded from the analysis.

The MESOILT2 described above model has been used to simúlate the dispersión of the
atmospheric releases and the air concentration and deposiíion in each cell of the grid
considered. The height of íhe reléase was considered ío be 150 m and site-specific
meíeorological and topographic data of the área of Lauffen were used in the simulation.

The distribution of air concentration of toíal acíivity in both models is shown in the following
figures.
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RADÍONUCUDES CONCENTEimON (uBq/rn.3). MODEL 1

BADiXíNUCUIíES CONUENTRATÍON (uBq,/m3). MODEL 2

-J C Í S M A7"

Figure 6.1. Concentration of radionuclides in the local área around Lauffen

Deposition of radioactivity is simulated in the model considering a deposition velocity of
0.012 m/s except for noble gases, C-14 and H-3 whose deposition velocity has been
considered to be zero. This deposition rate determines the amount of radioactivity deposited
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in the local área and the relative importance of the doses received by the population due to the
different exposition pathways. As a consequence, this relatively high deposition rate leads to a
dominance of the external exposure from the ground pathway in the contribution to the total
dose. The distribution of the activity deposited in the local área is shown in the following
figure.

EADIONUCLIDES DEPCSITÍON (Ba/m2J. MODEL 1

BáDIONüüUDiIS DEPOSITCON ( B « / Í X I £ ) . MODEL

Figure 6.2. Deposition of radionuclides in the local área around Lauffen
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Aqucitic releases

Liquid effluents to the Neckar river from both plant models are summarised in table 7.13. In
plant model 1 waterborne releases of tritium originate from the fuel cycle equipment only.
Liquid effluents from the cooling circuits are negligible. Liquid effluents of activation
products of significance could not be identified for model 1. Regarding plant model 2, tritium
effluents arise from the cooling loops via the secondary side steam generator purge stream
and the fuel cycle equipment. Activation products liquid effluents arise from the activation of
the first wall/blanket and divertor cooling loops.

The River-rad model above described has been used to simúlate the fate of the radionuclides
released to the river Neckar. Several runs of the code have been performed with different
nuclides for both plant models. In all of them the same physical and hydrological properties of
the receptor media have been considered.

Some of the physical and hydrological properties of the river have been considered constant
throughout the year. This assumption reproduces average, steady-state conditions considered
representative of an European average river.

Input parameters used in the modelling exercise regarding the hydrological characteristics of
the river are the following:

Average river flow: 80 m7s

Average depth ofthe river: 1.6 m

Average width ofthe river: 165 m.

Average water velocity ofthe river: 0.3 m/s

Total modelled length ofthe river is 120 km downstream from Lauffen divided into 6 sections
of 20 km length.

Table 6.13. Liquid effluents from the normal operation ofthe fusión plant
Isotope Model 1 Model 2

H-3 1.61E+12 2.31E+13

"Activation products S<>46 8.78E+06
V-49 7.70E+08
Cr-51 9.68E+09
Mn-54 2.71E+10
Mn-56 3.85E+08
Fe-55 2.08E+11
Fe-59 5.22E+08
Co-57 1.24E+05
Co-58 5.51E+05
Co-60 3.96E+08
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Ni-63
Ni-65
Cu-64
Zn-65

Ag-106m
Ag-108m
Ag-llOm
Ag-111
Cd-109
Sbl24

Ta-18Om
Ta-182
Ta-183
W-181
W-185
W-187
Re-184
Re-186
Re-188

Os-189m

5.51E+07
1.26E+06
3.52E+09
3.10E+07
2.57E+06
8.71E+04
4.46E+07
6.88E+06
5.22E+06
4.50E+05
5.90E+06
8.06E+09
1.48E+08
7.13E+08
3.16E+09
2.34E+09
3.42E+08
3.42E+08
2.93E+08
1.52E+06

1.61E+12 2.34E+13

Activation producís volatilisation from the aquatic compartment is not allowed in the model.
Volatilisation could be allowed for tritium but it has not been considered in this modeiling
exercise.

Data on the sediment-water distribution coefficient, kd, of the radionuclides considered have
been obtained from the literature. Those radionuclides whose kd valué could not be obtained
have been considered as anions in solution with the only exception of Wolfram which in
natural pH-eH conditions in rivers does not appear in this state. Potential pH equilibrium
diagrams for the radionuclides considered in solution are included in appendix D.

Suspended sediments loads have been estimated from reference valúes of the river Rhone
(EC, ExternE: Externalities of energy. Nuclear. Vol 5). A constant valué in all the domain of
2.5e-02 kg/mJ has been considered in this study.

The rest of the sediment compartment parameters (average diameter, solids concentration in
this compartment, resuspension, depth of the sediment layer, resuspension velocity, settling
velocity from the bottom of the sediment layer, and falling velocity) have been obtained from
reference valúes in the model.

Distribution of total activity concentration in the different river sections obtained in the
simulation of the aquatic releases from íhe power plant model 2 is shown in figure 6.3.
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Liquic! effluenis activity in river Neckar (uBq/m3). Model 2
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Figure 63 . Distribution of total activity concentration (|j.Bq/mJ) along the river Neckar in the
local área around Lauffen.

Local impacts

The local are is considered to be a square of 100 km side with the power plant in the centre.

Inhalation

Collective doses in this local área due to inhalation together with the expected health effects
are shown in the following table.

Table 6.14. Collective doses and health effects due to inhalation

Model 1

Model2

Collective dose
manSv/TWh

3.01E-06

1.53E-04

Fatal cáncer per
TWh

1.51E-07

7.63E-06

Health effects
Non-fatal cáncer

per TWh

3.62E-07

1.83E-05

Severe hereditary
effect per TWh

3.01E-08

1.53E-06

On the basis of these health effects the external costs associated to inhalation of routine
atmosplieric releases from the ñision power plant in a local área of lOOkm x lOOkm are shown
in the followina table.
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Table

Model
Model

6.15

1
2

. External costs
mECU/kWh

(0% D.R.)
5.86E-07
2.96E-05

due to inhalation
mECU/kWh

(3% D.R.)
4.36E-07
2.21E-05

mECU/kWh
(1 í\0/ T\ T? "\
\ i\J/O LJ.S\..j

3.31E-07
1.67E-05

External exposure from the cloud

Collective doses from cloud external irradiation due to the atmospheric releases from the
fusión power plant as well as the associated health effects are shown in table 6.16. Doses and
ffects are much lower due to the smaller dose conversión coefficients in this exposure
pathway.

Table 6.16. Collective doses and health effects due to external exposure from the cloud

Model 1
Model2

Collective dose
manSv/TWh

5.70E-07
5.04E-06

Fatal cáncer per
TWh

2.85E-08
2.52E-07

Health effects
Non-fatal cáncer

per TWh
6.84E-08
6.05E-07

Severe hereditary
effect per TWh

5.70E-09
5.04E-08

The associated external costs are shown in the following table.

Table 6.17. External costs due to local effects of external exposure from the cloud
mECU/kWh mECU/kWh mECU/kWh

(0%D.R.) (3%D.R.)
Modell 1.11E-07 8.25E-08 6.26E-08
Model 2 9.81E-07 7.30E-07 5.54E-07

External exposure from deposition on the ground

The dose from external irradiation due to the deposition on the ground was calculated
considering an integration period of one year. The resulting collective dose obtained in the
local área around Lauffen fusión power plant is shown in the following table.

Table 6.18. Collective doses and health effects due to external exposure from deposition on
the ground.

Model 1
Model2

Collective dose
manSv/TWh

3.07E-04
4.57E-02

Fatal cáncer per
TWh

1.53E-05
2.29E-03

Health effects
Non-fatal cáncer

per TWh
3.68E-05
5.48E-03

Severe hereditary
effect per TWh

3.07E-06
4.57E-04

The associated external costs due to the health effects from the extemal exposure from
deposited activity are shown in table 6.19.
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Table 6.19. External costs due to local effects of extemal exposure from deposition on the
around

mECU/kWh mECU/kWh mECU/kWh
(0% D.R.) (3% D.R.) (10% D.R.)

Model 1 5.96E-05 4.44E-05 3.37E-05
Model2 8.88E-03 6.62E-03 5.02E-03

Ingestión

Doses produced by the ingestión pathway are not included in this study. Preliminary
assessment of the collective dose that could be produced by this pathway yielded considerably
high results, for plant model 2. Several reasons can be brought into consideration in order to
explain these results. Firstly, the assessment has been based on several critical assumptions
due to the lack of available actual data. Main assumptions regard hydrological parameters of
the river that determine radionuclides fate and dilution, and river water uses mainly water
consumption by the population. The assumptions adopted have been conservative in the sense
that they keep the analysis in the safe side, likely overestimating some of the calculated
impacts. As a consequence, radionuclide concentrations in the river water entered as a source
term in the food chain were relatively high and so were the calculated doses.

Secondly, location of a power plant with routine radioactive emissions is an important factor
in the size of the impacts produced. In this case, the extremely elevated population density in
the área caused that, although individual doses were not high, computation of collective doses
yielded serious results.

Lastly, a considerable degree of uncertainty affects these results starting at the beginning of
the assessment with the estimation of the liquid effluents from the fusión power plant and
throughout the whole process. Some of the assumptions made could considerably change the
results.

Although far from providing any figure of external costs resulting from this impact pathway,
this preliminary assessment allows the drawing of some important conclusions. Amongst
them, it could be highlighted that the effects of liquid routine effluents of a fusión power plant
on a water course that provides drinking and irrigation water to a significant number of people
could become a priority impact of the fusión fuel cycle. This impact could be even more
important than the impact produced by the global dispersión of 14C, and therefore this
deserves a further, more complete and exhaustive analysis. As a second conclusión, the
assessment performed has identified the radionuclides whose contribution to the total dose is
prevalent. These radionuclides are D4Mn, 60Co, and "Fe. The origin of these emissions within
the fusión fuel cycle should also be further analysed.
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Swnmary of local effects

Table 6.20. Summary of local effects

Model 1
Model 2

Regional

Health Damages
Fatal cáncer

1.55e-05
2.29e-03

imnacts

Non-fatal
cáncer

3.72 e-05
5.50e-03

Severé
hereditary

effects
3-10e-06
4.59e-04

D.R

6
8

.03

.92

Costs
. 0%

e-05
e-03

(mECU/kWh)
D.R. 3% D

4.49e-05 3.
6.64e-03 5

.R.10%

41 e-05
.04e-03

Impacts arising from the dispersión of radionuclides outside the boundaries of the local área
could not be appropriately modelled since the activity concentrations in the outer local grid
cells obtained in the simulation exercise were, in most cases, so reduced that they were
considered as zero by the code. It is not expected that much error is introduced by not
considering these regional effects due precisely to the low activity that could reach the
boundaries of the local área. Nevertheless, regional impacts are included in the final result for
those radionuclides for which global dispersión is considered.

Global impacts

Collective dose

The integrated collective dose to the world population from the global dispersión of H-3 and
Carbón -14 releases to atmosphere from the fusión power plant is shown in table 6.21.

Table 6.21. Collective dose from global dispersión of radionuclides considering various

integration

Model 1
H-3
C-14
Model 2
H-3
C-14

times
Emissions
(TBq/TWh)

4.94e+01
1.60e-06

4.15e+01
8.39e-02

Collective dose

50 years

4.65e-01
1.59e-05

3.90e-01
8.31e-01

(man.Sv/TWh)

100 years

2.08e-05

1.09e+00

1,000 years

5.29e-05

2.77e+00

10,000 years

1.49e-04

7.80e+00

For H-3 no additional dose is received by the population after 30 years and therefore the
consideration of a wider time span does not affect the results. Alternatively, carbón-14 doses
are sensibly larger if considering time limits beyond 100 years, which was the temporal limit
initially planned for this project. In the case of model 1 the dose received by the population
due to global dispersión of C-14 emissions are negligible, but this is not the case of Model 2
where the emissions are considerably higher and therefore the doses. In this case, an
integration period of 10,000 years has been considered in line with the recommendations of
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the ExternE project methodology.

Health effects

On the basis of the estimated collective dose to the population due to the global dispersión of
tritium and Carbón-14, the expected numbers of fatal cancers, non-fatal cancers and severe
hereditary effects in the future generations are presented on the following table.

Table 6.22. Expected health effects for the global dispersión of C-14 and H-3 of the fusión
fuel cycle normalised to energy production.

Model 1
C-14
H-3
Model 2
C-14
H-3

Collective dose
Man.Sv /TWh

1.49e-04
4.65e-01

7.80e+00
3.90e-01

Fatal cancers

7.46e-06
2.32e-02

3.90e-01
1.95e-02

Non-fatal cancers

1.79e-05
5.58e-02

9.36e-01
4.68e-02

Severe hereditary effects

1.49e-07
4.65e-03

7.80e-02
3.90e-03

Monetary valuation

Monetary valuation of the impacts calculated above has been completed following the
methodology exposed in section 3.7.2.

For 14C the distribution of dose in time must be taken into account when dealing with discount
rates other than 0. It has been assumed that the dose distributes in time blocks (1-50, 50-100,
100-1,000, 1,000-10,000), and that the expected health effects are evenly distributed over the
years. The total number of health effects that are expected each year are tabulated and the
discount rates are applied to the year of occurrence. When using discount rates other than 0
the expansión of the time span does not affect the monetary damages since the valué of the
impacts produced after year 100 becomes negligible especially in model 1. Alternatively
when using 0 discount rate these impacts account for the majority of the damages.

The results expressed in mECU/kWh of electricity production are summarised in table 6.23.
Results are displayed using 0%, 3% and 10% discount rates.
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Table 6.23.

Model 1
0% DR

C-14
H-3
Sub-Total

3 % DR
C-14
H-3
Sub-Total

10% DR
C-14
H-3
Sub-Total
Model 2

0% DR
C-14
H-3
Sub-Total

3 % DR
C-14
H-3
Sub-Total

10% DR
C-14
H-3
Sub-Total

Damages and costs of the global dispersión of C-14 and H-3.
Fatal cancers

1.63e-05
5.07e-02
5.07e-02

7.69e-07
2.09e-02
2.09e-02

2.75e-07
5.10e-03
5.10e-03

8.50e-01
4.25e-02
8.93e-01

4.02e-01
1.75e-02
4.20e-01

9.14e-02
4.28e-03
9.57e-02

Non-fatal cancers

8.05e-06
2.51e-02
2.51e-02

4.76e-07
1.29e-02
1.29e-02

1.70e-07
4.98e-03
4.98e-03

4.21e-01
2.11e-02
4.42e-01

2.49e-01
1.08e-02
2.60e-01

8.92e-02
4.18e-03
9.34e-02

; Severe hereditary
effects

4.68e-06
1.46e-02
1.46e-02

3.15e-08
8.56e-04
8.56e-04

1.13e-08
4.34e-05
4.34e-05

2.45e-01
1.23e-02
2.57 e-01

1.65e-02
7.19e-04
1.72e-02

7.78e-04
3.65e-05
8.14e-04

Sub-Total
(mECU/kWh)

2.90e-05
9.04e-02
9.04e-02

1.28e-06
3.46e-02
3.46e-02

4.57e-07
1.01e-02
1.01 e-02

1.52e+00
7.59e-02
1.59e+00

6.68e-01
2.91e-02
6.97e-01

1.81e-01
8.50e-03
1.90e-01

6.2.1.2.Occupational health

The impact pathways considered in the occupational domain are direct exposure to radiation
during working hours and the statistical probability of occurrence of occupational accidents.

Radiological effects

Occupational doses

Calculation of occupational doses from the normal operation of the power plant has been
performed within the SEAFP project (EC, 1995 SEAFP Project Report). Calculations were
performed by compartmentalising the plant into three main regions:

a The cooling system - all plant concerned with primary, divertor and secondary side
coolant including heat exchangers, circulators, coolant purification plant on the primary
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side and coolant purge on the secondary side. Doses are mainly due to activation products.

• The tritium system - all plant in the tritium handling building and tritium specific plant in
the torus building. Doses are mainly due to tritium with some contribution from activation
products.

® The machine system - all plant associated with the machine structure. Doses are mainly
due to activation products.

Results are summarised in table 6.24.

Table 6.24. Occupational doses under normal operation (SEAFP, IPP)

Plant model

Cooling system
Tritium system
Machine system
Total

Occupational doses
Model 1

0.08
0.02
0.08
0.18

manSv/year
Model 2

1-4

For plant model 1 results are approximately 0.2 manSv/year similar to the best performance of
modern PWRs, optimised over decades of experience, and indicate the advantages of a
Helium-cooled reactor. For model 2, results differ from those obtained in the SEAFP project.
In this project, because of the absence of data from actual operating experience, doses were
estimated by a conservative procedure. Almost all the doses arise from the coolant loop
corrosión products. The mitigating effects of dedicated water chemistry measures could not be
taken into account. This lead to estimated doses of 15 manSv/year with a substantial
uncertainty. Such doses would be much too high by today's standards, so it is clear that
measures to suppress corrosión would be employed and therefore substantial reductions in
occupational exposure would be achievable. However no calculations were made within the
SEAFP project. More recent estimates (IPP, SERF project) are in the range of 1-4
manSv/year.

Health effects

The expected health effects resulting from the total occupational exposure are reported in
table 6.25.
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Table 6.25. Health effects associated with occupational exposure expressed per year and also
normalised per unit electricity production.

Collective
dose
man.Sv

Number of
fatal cancers

Number
cancers

of non-fatal Number of severe
hereditary effects

Model 1 Per year 0.18
Per TWh 0.0274

Model 2 Per year 1-4

Per TWh 0.1522-
0.6088

7.20e-03
1.10e-03
4.00e-02-
1.60e-01
6.09e-3-2.44e-
02

2.16e-02
3.29e-03
1.20e-01-4.80e-01

1.08e-03
2.96e-05
6.00e-03-2.40e-02

1.83e-02-7.3 le-02 9.13e-04-3.65e-03

Monetary valuañon

External costs resulting from occupational exposure to radiation are reported in Table 6.26
expressed in mECU/kWh.

Table 6.26. External costs from occupational exposure
_ _ _ _ _ _ _ _

DR 0% DR 3 % DR 10%
Model 1
Fatal cancers 2.39e-03
Non fatal cancers 1.48e-03
Severe hereditary 5.16e-04
effects
Sub-Total 4.38e-03

1.91e-03
1.48e-03
5.88e-05

3.45e-03

1.21e-03
1.48e-03
7.74e-06

2.70e-03
Model 2
Fatal cancers
Non fatal cancers
Severe hereditary
effects
Sub-Total

1.33e-02-5.31e-02
8.22e-03-3.29e-02
2.87e-03-1.15e-02

1.06e-02-4.25e-02
8.22e-03-3.29e-02
3.27e-04-1.31e-03

6.74e-03-2.70e-02
8.22e-03-3.29e-02
4.30e-05-1.72e-04

2.44e-02 - 9.74e-02 1.92e-02 - 7.67e-02 1.50e-02 - 6.00e-02

Occupational accidents

Non radiological impacts of the normal operation of the fusión power plant are due to
occupational accidents leading to deaths or injuries in the workforce of the power plant not
related to the radiological exposure. In order to estimate this kind of impacts, statistical
observations of the number of accidents occurring at power piants are currently used by the
methodology. In the case of fusión power plant, these data are of course not available since
we are considering an hypothetical power plant operating in the next century. An approach
could be the consideration of the same accident rate as nuclear fission piants.

Using accident statistics of nuclear power piants in Germany obtained from the ExternE
National Implementation Project (EC, 1998c) expressed in number of cases per TWh the
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results obtained are summarised in table 6.27.

Table 6.27. External costs from occupational accidents in the power plant
Occupational accidents

Fatal
Major injury
Minor injury
Total

Impacts/TWh

7.8e-04
1.7e-02
8.1e-01

Costs
(mECU/kWh)
2.45e-03
1.18e-04
7.70e-02
7.96e-02

6.2.1.3. Summary ofthe normal operation stage

Table 6.28. Summary of external costs ofthe power generation stage ofthe fusión fuel cycle.

Model 1
(mECU/kWh)

Model 2
(mECU/kW

h)
Power plant
operation

Radioactive
emissions

Local Inhalation
Cloud

Ground

5.86E-07
1.11E-07
5.96E-05

2.96E-05
9.81E-07
8.88E-03

B
B
B

Ingestión
Regional
Global 9.04E-02 1.59E+00

Occupational
exposure

4.38E-03 2.44E-02 -
9.74E-02

Other
occupational
accidents

7.96E-02 7.96E-02

B
B
B
B

A

Sub-Total 0.17
(0.04-0.73)

1.7
(0.35-8.57)

6.2.2. Accidents

6.2.2. l.Radiological accidents

Activity released

The activity released during the different accident scenarios identified is summarised in the
following table.
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Table 6.29. Activity released in accidents

Model 1

DBA
BDBA(l)
BDBA(2)
Model 2

DBA
BDBA(l)
BDBA(2)

Tritium
(in HT)

2.8 e+13
2.8e+16
6.1e+14
(in HTO)

9.3 e+12
1.8e+16
7.9e+14

Activation
Wdust
aerosol
6.1 e+11
4.6e+12
9.4e+12
Wdust
aerosol
8.7 e+11
3.2e+13
3.5e+13

products (Bq)
Helium
coolant
negligible
negligible
negligible
Water
Coolant
8.0e+7
8.0e+7
2.0e+10

Coolant
aerosol
1.2e+2
6.8e+3
3.6e+3
Coolant
aerosol
5.3e+10
2.7e+12
2.2e+12

Structure
aerosol

Structure
aerosol
2.7e+9
3.0e+ll
l . le l l

Doses

Collective doses resulting from the three accident scenarios in each model were calculated
within the SEAFP project. These doses are for an área from 1 to 100 km distance from the
power plant assuming a uniform population distribution of 250 people living per square
kilometre. In this assessment the doses have been scaled upwards to account for the higher
population density in the área, 449 inhab/km .

Table 6.30 . Collective doses resulting from different accident scenarios.

Model 1
DBA
BDBA(l)
BDBA(2)
Model 2
DBA
BDBA(l)
BDBA(2)

Tritium (manSv)

2.69E-02
1.26E+00
6.82E-02

3.41E-02
3.05E+01
2.16E+00

Activation products
(manSv)

1.78E-01
3.41E+00
3.23E+00

5.75E-01
3.59E+01
1.19E+01

Total (manSv)

1.98E-01
4.67E+00
3.23E+00

6.11E-01
6.65E+01
1.40E+01

All doses are higher in model 2 than in model 1 although all collective doses are very lovv.

Máximum early doses (not shown) are far from the evacuation limit of 100 mSv.

Health effects

The resulting health effects are shown in table 6.31.
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Table 6.31. Health effects from different accident scenarios.

Model 1
DBA
BDBA(l)
BDBA(2)
Model 2
DBA
BDBA(l)
BDBA(2)

Fatal cáncer

9.88E-03
2.33E-01
1.62E-01

3.05E-02
3.32E+00
7.00E-01

Non-fatal cáncer

2.37E-02
5.60E-01
3.88E-01

7.33E-02
7.97E+00
1.68E+00

Severe hereditary
effect

1.98E-03
4.67E-02
3.23E-02

6.11E-03
6.65E-01
1.40E-01

Costs

External costs resulting from the above calculated health effects are shown in the following
table for different discount rates.

Table 6.32.

Model 1
DBA
BDBA(l)
BDBA(2)
Model 2
DBA
BDBA(l)
BDBA(2)

External costs from
0% D.R.

ECU

3.84E+04
9.08E+05
6.28E+05

1.19E+05
1.29E+07
2.72E+06

different accident
3% D.R.

ECU

2.86E+04
6.76E+05
4.68E+05

8.84E+04
9.62E+06
2.03E+06

scenarios
10% D.R.

ECU

2.17E+04
5.13e+05
3.55E+05

6.71E+04
7.30E+06
1.54E+06

In order to incorpórate these costs into the normalised costs per electricity production of the
power plant, the occurrence probability of different types of accidents have to be considered.
Probabilistic safety analysis was not performed within the SEAFP project. However some
bounding accidents were considered and sensible judgement was appiied in order to conclude
the occurrence rate that could be expected of a sequence. It was judged that the overall
occurrence rate of both BDBA considered would be below 10"7 per year, defining this valué
the borderline between DBAs and BDBAs. Consequently, the worst case of BDBA has been
considered applying an occurrence rate of 10~7 per year. Normalised results are the following:

Table 6.33. Normalized external costs from beyond design basis accident type 1.
Accident type Costs (mECU/kWh)

Model 1 Model 2
BDBA(l) 1.38E-08 1.97E-07

External costs obtained from this accident analysis are several order of magnitudes lower than
those obtained for normal operation.
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6.3. Summary
Table 6.34. Summary table of external costs of the upstream and power generation stages of
the fusión fuel cycle.

Fuel supply
Fuel transport
Material
manufacturing
Construction Emissions of

the transport
Road
accidents
Occupational
accidents

Model 1
(mECU/kWh)

Ng
Ng

3.2e-01

2.89E-02

4.38E-03

2.32e-01

Model 2
(mECU/kWh)

Ng
Ng

3.2e-01

3.00E-02

4.57E-03

2.32e-01

B

B

A

A

Power plant
operation

Radioactive
emissions

Local Inhalation
Cloud

Ground

5.86E-07
1.11E-07
5.96E-05

2.96E-05
9.81E-07
8.88E-03

B
B
B

Ingestión
Global 9.04e-02

Occupational
exposure
Other
occupational
accidents

4.38e-03

7.96e-02

1.59e+00
2.44e-02 -
9.74e-02
7.96e-02

B
B
A

A

Accidents BDBA(l) 1.38e-08 1.97e-07 B
Sub-Total 0.76

(0.21-2.47)
2.29

(0.52-10.31)
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Results are also plotted in the following figure showing the relative importance of the stages
of the fuel cycle analysed.

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

0

: • Model 1

• m Model 2

Materials Construction Powerplant Accidents
manufacturing operation

Figure 7.1. External cost of upstream and power generation stages of the fuel cycle

Results obtained revealed that for plant model 2, the prevalent cause of external costs were
the collective doses produced by the global dispersión of 14C emissions as they enter in the
global carbón cycle and become widely dispersed throughout the world. Occupational impacts
of the plant, and the impacts indirectly caused by the energy use on the manufacturing of
materials were identified as other important causes of external impacts for both plant models.
A particular problem for assessment of occupational damages relates to the extent that these
costs might be internalised, for example through insurance and compensation payments,
higher wage rates etc. Internalisation requires workers to be fully mobile and fully informed
about the risks they face. Available evidence suggests that internalisation is rarely complete.
Therefore we include total occupational damages. External costs produced by radiological
accidents, normalised by the electricity sent out by the plant and considering an occuiTence
probability of 10"7 per year were several orders of magnitude lower than the rest of the cost
and they do not affect the final figure. It is worthy to note that the assessment of external
impacts caused by the ingestión of contaminated foodstuff and water was not properly
performed in this study due the lack of some crucial input data that has made it necessary to
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make assumptions which could considerably change the results. Nevertheless, the preliminary
assessment performed revealed that this impact pathway could be a potentially important
cause of collective doses especially in densely populated áreas as the Lauffen área is. This
aspect deserves a further and more detailed analysis in order to judge the relative importance
that these impaets could have on the overall assessment of externalities of the ftision fuel
cycle.

It should be noted that the results are only related to the upstream and power generation
stages, and therefore are not representative of the whole fuel cycle. Other potentially
important stages regarding externalities production such as disposal of radiological waste and
decommissioning of the power plant have to be added.
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9. APPENDICES
9.1. APPENDIX A. Defmition of the fusión fuel cycle, data and results

Table 1. Fuel cycle characteristics of the fusión fuel cycle
Stage
1. Lithium extraction

2. Lithium
enrichment

3. Deuterium
extraction

4. Fuel transport

Parameter

Power plant requirements
Model 1
Model 2

Origin og Lithium
Concentration in sea water
Method of extraction

Processes adopted
Location

Power plant requirements
Model 1
Model 2

Origin of deuterium
Deuterium content in sea
water
Extraction method

Lithium transport
Model 1
Model 2

Deuterium transport
Model 1
Model 2

5. Construction materials manufacturing

6. Construction
materials transport

Model 1
Steel
Concrete
Others

Model 2
Steel
Concrete
Others

Earth from excavation
Mode of transport

Steel

Concrete
Earth

Valué

146 t /5 years
38 t/ 5 years
Sea water
0.173 mgLi+/l

-

-
-

lOOkg/y
108kg/y
Sea water
3.3* 10"5kgD/kgH2O

Chemical isotope
exchange

146 t/5 years
38 t/5 years

100 kg/year
108 kg/year

3.25 e-i-05 t
6.82e+05 t
4.86e+04 t

3.71e+05t
6.82e+05 t
4.04e+04 t

1.22e+06t

75% truck
25% railway
100% truck
100% truck

Source
IPP

IPP

IPP

IPP

IPP

EC, 1995 Coal and
lignites
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Others

Distance
Steel
Concrete
Earth
Others

75% truck
25% raihvay

200 km
50 km
50 km

200 km
7. Power plant
construction

IPP, IER

Labour
Steel engineering
Mechanical
engineering
Electrical
engineering
Construction

2069 person-year
29827 person-year

9231 person-year

13939 person-year
8. Power generation IPP

Fuel

Technology Model 1
Thermal power
Fusión power
Electrical power
Heating power and
current drive
Coolant

In T(P)
Out T(P)

Availability
Breeder

Structural material
Technology Model 2

Thermal power
Fusión power
Electrical power

Heating power and
current drive
Coolant

In T(P)
Out T(P)

Availability
Breeder

Structural material

Lifetime

Yearly energy output

Total energy output

Location

Deuterium
Tritium

3520 MW
3000 MW
1000 MW
75 MW

Helium

260 °C(90 bar)

560 °C(90 bar)

75%
Li2O
V5Ti

3810 MW

3000 MW

1000 MW

75 MW

Water

265 °C( 130 bar)
310°C(130bar)
75%

Li17PbS3

LA12TaLC

25 years full power
production
6.57 TWh

230 TWh

Lauffen (Germany)
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9. Other transports Equipment and materials
transport
Personnel transport

10. Waste transport

11. Waste disposal

12. Decommissioning

Table 2. Quantification of burdens from the fusión fuel cycle

Stage Burden

1. Lithium extraction
2. Lithium enrichment
3. Deuterium extraction
4. Fuel transport

Air emissions

CO2

SO2

NOX

PM10

Occupational health
Accidents - fatal
Accidents - major injury
Accidents - minor injury

Other burdens
Noise
Road use

5. Construction material manufacturing
Occupational health

Accidents - fatal
Accidents - major injury
Accidents - minor injury

Energy use
Air emissions

CO2

CO
SO2

NOX

PM,o
Other burdens

6. Construction materials transport
Model 1
Air emissions

CO,
SO2

NO,
PM,n

Quantity

n.q.
n.q.
n.q.

n.q.
n.q.
n.q.
n.q.

n.q.
n.q.
n.q.

n.q.
n.q.

n.q.
n.q.
n.q.

3150 GWh

1.25 e+06 t
3.43e+02t
4.14e+03t
4.32 e+03 t

n.q
n.q.

1.23e+08g/TWh
1.27e+05g/TWh
2.23 e+06 g/TWh
1.64e+05a/TWh

Source

EC, 1995 Coal
and lignites

RISO

EC, 1995 Coal
and lignites

Impact
assessed
x-negligible
x-negligible
x-negligible

x-negligible
x-negligible
x-negligible
x-negligible

x-negligible
x-negligible
x-negligible

•
/
/
•

•
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Stage Burden

Occupational health

Accidents - fatal
Accidents - major injury
Accidents - minor injury

Other burdens
Noise
Road use

Model 2
Air emissions

CO2

SO2

NOV

PM10

Occupational health

Accidents - fatal
Accidents - major injury
Accidents - minor injury

Other burdens
Noise
Road use

7. Power plant construction
Occupational health

Accidents - fatal
Accidents - major injury
Accidents - minor injury

8. Power generation
Radioactive emissions

Model 1
Liquid

H-3
Gaseous

C-14
H-3
Activation products
(other than C-14)

Model 2
Liquid

H-3
Activation products

Gaseous
C-14
H-3
Activation products
(other than C-14)

Occupational health
Accidents - fatal
Accidents - major injury

Quantity Source

EC, 1995 Coal
and lignites

6.01 e-04/TWh
7.65 e-03 /TWh
2.53 e-01 /TWh

n.q.
n.q.

EC, 1995 Coal
and lignites

1.28e+08g/TWh
1.32e+05g/TWh
2.32 e+06 g/TWh
1.71 e+05g/TWh

EC, 1995 Coal
and lignites

6.27 e-04 /TWh
7.97 e-03 /TWh
2.64 e-01 /TWh

n.q.
n.q.

1.73e-02/TWh
5.15e-01/TWh
1.85e+01/TWh

IPP

2.45 e-1 TBq/TWh

1.37e-15TBq/TWh
4.92e+l TBq/TWh
2.5 le-3 TBq/TWh

3.52 TBq/TWh
4.05e-2 TBq/TWh

8.39e-2 TBq/TWh
3.8e+l TBq/TWh
6.56e-2 TBq/TWh

EC.1998c
7.8e-04/TWh
1.7e-02/TWh

Impact
assessed

/
/
•

•
•
•
•

/
/

•
•

•

•

•

•

•
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Stage Burden

Accidents - minor injury
Other burdens

Major accidents
9. Other transports

Air emissions

CCh
SO-,
NOX

PM10

Occupational health
Accidents — fatal
Accidents - major injury
Accidents - minor injury

Other burdens
Noise
Road use

10. Waste transport
11. Waste disposal
12. Decommissioning

Quantity

8.1e-01/TWh

(see Table 3)

*
*
*
*

*
*
*

n.q.
n.q.

Source

EC, 1995 Coal
and lignites

Impact
assessed
•

•

•
•
•
•

•
•
•

Transport of replacement materials included in transport of construction materials. Other
transports excluded.

Table 3. Activity released under different accident scenarios.

Model 1

DBA
BDBA(l)
BDBA(2)
Model 2

DBA
BDBA(l)
BDBA(2)

Tritium
(in HT)

2.8e+13
2.8e+16
6.1e+14
(in HTO)

9.3 e+12
1.8e+16
7.9e+14

Wdust
aerosol
6.1 e+11
4.6e+12
9.4e+12
Wdust
aerosol
8.7 e+11
3.2e+13
3.5e+13

Activation
Helium
coolant
negligible
negligible
negligible
Water
Coolant
8.0e+7
8.0e+7
2.0e+10

producís (Bq)
Coolant
aerosol
1.2e+2
6.8e+3
3.6e+3
Coolant
aerosol
5.3e+10
2.7e+12
2.2e+12

Structure
aerosol

Structure
aerosol
2.7e+9
3.0e+ll
l . le l l
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Table 4. Quantification of impacts from the fusión fuel cycle
Stage Impact

1. Lithium extraction
2. Lithium enrichment
3. Deuterium extraction
4. Fuel transport

Road accidents
Occupational health

Accidents - fatal
Accidents - major injury
Accidents - minor injury

Impacts from emissions
5. Construction material manufacturing

Energy consumption
6. Construction materials transport

Model 1
Road accidents

Accidents - fatal
Accidents - major injury
Accidents - minor injury

Impacts from emissions
Model 2
Road accidents

Accidents - fatal
Accidents - major injury
Accidents - minor injury

Impacts from emissions
7. Power plant construction

Occupational health
Accidents - fatal
Accidents - major injury
Accidents - minor injury

8. Power generation
8.1 Normal operation

Model 1
Public health

Collective dose
fatal cancers

Yoll-approach
non fatal cancers
Hereditary effects

Occupational health
collective dose

fatal cancers
Yoll-approach

non fatal cancers
Hereditary effects

accidents - fatal

Impact-
units

Deaths

Deaths

-

Deaths

manSv
-

-
-

manSv

-
-
Deaths

Impact
Per
TWh

Nq
Nq
Nq

Ng
Ng
Ng
Ng

1.38e-01
1.76e+00
5.81e+01

1.44e-01
1.83e+00
6.08e+01

1.73e-02
5.15e-0l
1.85e+01

0.027
1.10e-03

3.29e-03
1.64e-04

Damages
mECU/kWh
0% DR

Ng
Ng
Ng
Ng

1.84e-03
7.27e-04
1.76e-03
2.89e-02

1.97e-03
7.58e-04
1.84e-03
3.00e-02

5.42e-02
4.89e-02
1.29e-01

2.39e-03

1.48e-03
5.16e-04

Damages
MECU/kW
h
3% DR

Ng
Ng
Ng
Ng

1.84e-03
7.27e-04
1.76e-03
2.89e-02

1.97e-03
7.58e-04
1.84e-03
3.00e-02

1.91e-03

1.48e-03
5.88e-05

Error
Estimati
on
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Stage Impact

accidents - major ¡njury
accidents - minor ¡njury

Model 2
Public health

collective dose
fatal cancers

Yoll-approach
non fatal cancers
hereditary effects

Occupational health
collective dose

fatal cancers
Yoll-approach

non fatal cancers

hereditary effects

accidents - fatal
accidents - major injury
accidents - minor injury

8.2 Accidents
Model 1
BDBA(l)
Collective dose
Public health

fatal cancers
Yoll-approach

non fatal cancers
hereditary effects

Model 2
BDBA(l)
Collective dose
Public health

Fatal cancers
Yoll-approach

Non fatal cancers
Hereditary effects

9. Other transports
•k

10. Waste transport
11. Waste disposal
12. Decommissioning

Impact-
units

manSv
-

-
-

manSv
-

-

-

Deaths

manSv

-

-
-

manSv

-

-
-

Impact
Per
TWh

0.15-0.61
6.09e-03 -
2.44e-02
1.83e-02-
7.31e-02

9.13e-04-
3.65e-03
7.8e-04
1.7e-02
8.1e-01

7.10e-08

3.55e-09

8.53e-09
7.1le-11

1.01e-06

5.06e-08

1.21e-07
1.01e-08

Damages
mECU/kWh
0% DR

1.33e-02-
5.31e-02

8.22e-03 -
3.29e-02

2.87e-03 -
1.15e-02
2.45e-03
1.18e-04
7.70e-02

1.38e-08

1.97e-07

Damages
MECU/kW
h
3% DR

1.06e-02-
4.25e-02

8.22e-03 -
3.29e-02

3.27e-04-
1.31e-03

1.03e-08

1.46e-07

Error
Estimati
on

Transport of replacement materials included in the transport of construction materials. Other
transports not considered.
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9.2. APPENDIX B. List of radionuclides and effective dose factors

Dose factors are parameters relating to the radioactivity to the effective dose. They
characterise the exposure pathways and therefore fall into two categories, one related to
internal exposure and the other to external exposure.
The effective dose due to incorporation depends on the radionuclide penetration pathway into
the organism (ingestión or inhalation), the toxicity of the radioelement, its hold-up time in the
various organs and is proportional to the radioactivity incorporated. For each radionuclide and
both ingestión and inhalation, effective dose factors expressed in Sv/Bq are presented below.
For external exposure, they depend on source geometry and type of exposure. As in this case
it is a source of known surface activity, the unit used is Sv.s* /Bq.m"3.
All of them are taken from the bibliography.

Nuclide

H-3
He-6
Li-9
Be-10
Be-11
C-14
N-13
N-16
Na-24
Mg-27
Al-26
Al-28
S-35
Cl-36
Ar-37
Ar-39
Ar-41
Ca-45
Sc-46
Sc-47
Sc-48
Ti-51
V-49
V-52
V-53
V-54
Cr-49

H ¡nh,50

Sv/Bq

1.80E-11
2.10E-14
5.80E-17
9.50E-08
8.40E-11
5.60E-10
2.40E-11
1.40E-12
3.20E-10
1.10E-11
2.10E-08
6.50E-12
6.80E-10
6.10E-10
1.70E-11
1.10E-07
1.90E-10
1.80E-09
8.00E-09
6.00E-10
1.20E-09
1.60E-12
7.60E-11
9.00E-12
3.10E-12
4.40E-12
1.60E-11

H jng,50

Sv/Bq

1.80E-11
3.40E-14
2.10E-15
1.80E-09
3.70E-12
5.60E-10
5.70E-11
3.30E-12
4.20E-10
2.30E-11
3.40E-09
2.50E-12
7.00E-10
8.40E-10
1.30E-11
2.50E-09
3.00E-10
8.90E-10
2.00E-09
8.60E-10
2.10E-09
4.90E-12
1.50E-11
6.80E-12
2.30E-12
3.30E-12
4.60E-11

H. exp,cloudshine

Sv/s per Bq/mJ

1.12E-22
1.34E-15
5.66E-14
2.14E-17
8.54E-14
1.93E-19
4.71E-14
2.60E-13
2.12E-13
4.28E-14
1.31E-13
9.04E-14
1.85E-19
2.75E-17
5.97E-20
1.59E-17
6.24E-14
3.52E-24
9.62E-14
5.22E-15
1.61E-13
1.57E-14
2.38E-19
7.07E-14
5.03E-14
2.05E-13
4.81E-14

W expdep

Sv/s per Bq/mJ

5.67648E-16
1.19521E-09
3.14099E-08
2.45665E-11
4.13122E-08
2.30844E-13
3.81586E-08
1.05015E-07
1.13214E-07
2.91393E-08
8.3255E-08
5.10883E-08
2.2296E-13
3.11576E-11
3.03376E-13
1.82278E-11
3.91046E-08
1.97731E-17
6.46488E-08
5.99184E-09
1.05961E-07
1.50742E-08
1.20783E-12
4.44658E-08
3.31128E-08
1.2299E-07
4.06814E-08
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Cr-51
Cr-55
Mn-54
Mn-56
Mn-57
Fe-53
Fe-55
Fe-59
Co-57
Co-58
Co-58m
Co-60
Co-60m
Co-62
Ni-63
Ni-65
Cu-62
Cu-64
Cu-66
Zn-65
Nb-94m
Ag-108
Ag-110
Ag-llOm
Ag-111
Cd-109
Hf-179n
Hf-181
Ta-179
Ta-180
Ta-180m
Ta-182
Ta-182m
Ta-182n
Ta-183
W-181
W-183m
W-185
W-185m
W-187
Re-184
Re-184m
Re-186
Re-188

9.80E-11
1.30E-12
1.70E-09
9.80E-11
4.60E-13
1.60E-11
6.40E-10
3.80E-09
2.40E-09
2.90E-09
2.60E-11
6.90E-08
5.OOE-13
4.10E-12
1.70E-09
9.20E-11
8.40E-12
8.00E-11
2.20E-12
5.3OE-O9
9.00E-12
1.40E-12
4.70E-13
2.10E-08
1.90E-09
1.60E-08
2.30E-09
3.40E-09
1.70E-09

2.30E-11
1.20E-08
5.90E-16
3.30E-12
1.30E-09
3.3OE-11
1.20E-14
1.70E-10
1.9OE-13
2.10E-10
9.90E-10
3.1OE-O9
1.10E-09
8.OOE-1O

5.3OE-11
2.30E-12
7.30E-10
2.30E-10
1.10E-12
3.8OE-11
4.00E-10
3.10E-09
3.40E-10
1.00E-09
2.80E-11
9.20E-08
9.40E-13
4.30E-12
1.90E-10
1.5OE-1O
1.60E-11
1.40E-10
4.10E-12
3.8OE-O9
3.00E-11
1.10E-12
3.7OE-13
3.00E-09
2.00E-09
2.20E-09
1.3OE-O9
1.70E-09
9.00E-11

5.8OE-11
2.20E-09
1.10E-15
6.50E-12
1.20E-09
1.1OE-1O
6.50E-14
8.30E-10
9.20E-13
9.80E-10
5.80E-10
6.50E-10
1.30E-09
1.30E-09

1.26E-15
5.54E-16
3.97E-14
8.37E-14
3.87E-15
5.28E-14
4.43E-19
5.74E-14
5.64E-15
4.62E-14
6.52E-19
1.21E-13
2.15E-16
8.01E-14
1.45E-21
2.69E-14
4.70E-14
9.49E-15
4.55E-15
2.79E-14
2.16E-16
9.86E-16
1.47E-15
1.31E-13
1.12E-15
2.47E-16
4.O9E-14
2.43E-14
1.09E-15
3.01E-16
1.90E-15
6.22E-14
5.27E-19
1.16E-14
1.01E-14
1.65E-15
5.23E-15
4.54E-18
1.1OE-15
2.39E-14
4.18E-14
1.66E-14
8.04E-16
2.95E-15

1.3119E-09
5.1719E-10
2.73732E-08
5.14037E-08
3.27974E-09
4.3835E-O8
2.24852E-12
3.72125E-O8
6.49642E-09
3.24821E-08
2.66164E-12
7.75786E-O8
1.65564E-10
4.95115E-O8
9.65002E-15
1.68402E-08
3.78432E-08
7.60018E-O9
3.15045E-09
1.84801E-08
2.14129E-10
8.04168E-10
1.12268E-09
9.17698E-08
1.16683E-09
1.96469E-10
3.942E-08
2.13499E-08
1.29298E-09
1.83E-17
2.26744E-09
4.2889E-08
2.67425E-12
1.33713E-08
1.0943E-08
1.96785E-09
6.14952E-09
5.20344E-12
1.28667E-09
1.92054E-08
3.14729E-08
1.4412E-08
9.30312E-10
2.7184E-09
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Re-188m
Os-189m
Os-191
Ir-192
Ir-193m

l.OOE-11
7.70E-12
1.30E-09
7.80E-09
5.30E-10

1.70E-11
1.80E-11
9.10E-10
2.00E-09
4.60E-10

3.01E-15

1.77E-15
3.52E-14
1.46E-17

3.56357E-09

2.03407E-09
3.27974E-08
1.94892E-11
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9.3. APPENDIX C. Life Cycle assessment of a fusión power plant

Lotte Schleisner, Ris0 National Laboratory

06-05-99

In the assessment of externalities related to a fusión power plant it may be important to
include the energy-based emissions through the whole Ufe cycle of the fusión power plant,
from manufacture of materials to the technology, through operation to disposal of the
technology.

This paper concentrates on the assessment of energy and emissions related to the production
and manufacture of materials for the fusión power plant, while emissions related to energy
production during operation is excluded from the analysis.

In Denmark a LCA model has been developed for Ufe cycle assessment of different important
materials. The model is able to assess the energy use related to production, transportation and
manufacture of one kg material. The energy use is divided into fuels used in order to estimate
the emissions through the life cycle.

For all the materials the estimation of energy and emissions is based on the total lifecycle of
the materials, meaning that the energy content of the materials is a sum of the energy
consumption to procure, process, work up, transport and disposal of the respective materials.
Consequently it has been necessary to make some assumptions conceming the countries of
origin of the materials, manufacture processes, disposal processes and assumptions
concerning recycling etc. ofthe materials.

The energy supply system has been assumed to follow Danish conditions. This means that the
energy used to procure the energy sources is included no matter where the energy source
originates from, but conversión and distribution is assumed to follow Danish conditions.

Energy sources

Consumption and composition of the energy used for production of the materials have been
estimated based on data available from other Danish and international analyses (the most
important being 0koinventare für Energiesysteme and Packaging and the environment).
Electricity used for the material production is assumed to be produced from a conventional
condense plant with an efficiency of 40 %.

Production processes

The production processes used to procure, process and work up the different materials are
assumed to be the same processes in Denmark as used in other EU countries.

The different materials are worked up in smaller or greater extent depending on the kind of
product produced. Typically the energy consumption will be low related to production of low
technology products like metal sheets, containers etc. while the energy consumption will be
high, when producing high technology products like engines and engine components. The
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energy used for production processes is therefore split into intervals depending of the kind of
technology produced. For each material it therefore is necessary to consider if the product is a
high or low technology product.

Energy contení in materials

The materials aluminium, plástic and tree may have an energy contení, which may be released
during disposal by waste burning in a reftise disposal plant. Therefore it has been considered
how the materials are disposed, and the energy contení is calculated as an energy coníribuíion,
if the energy contení in íhe materials are utilised.

Production plants

The energy used for construction of plants and engines to procure, treat and distribuíe raw
materials, maíerials and componenís has not been included, as it is assumed that this energy
consumption is a negligible parí of íhe toíal amouni of energy used.

Transport

Energy used for íransporí has been divided inío energy used for long-disíance and shorí-
disíance íransport. Long-disíance íransporí is íransporíalion of raw maíerials, while short-
distance transport is transportaíion ío íhe procuring acíiviíies and disíribuíion of íhe finished
producís. Ií has been assumed íhaí long-dislance íransporí is by ship or írain and short-
distance íransporí is by diesel driven írains and írucks.

Based on íhe above meníioned assumptions íhe total energy use related ío produclion,
íransporíalion and manufacíure of one kg maíerial for íhe specific materials has been
calculaled as shown in Table 1. The intervals for síeel and aluminium reflecí production of
low and high íechnology producís.

Table 1 Toíal energy use for specific maíerials per kg maíerial

Steel

Aluminium

Copper

Plástic (polyester and epoxy)

Reinforced ¡ron (rebars)

Concrete

Lead

Insulation (/mJ)

Coke

(MJ/kg)

1.6

0

3

0

7.4

0

0

168

Coal

(MJ/kg)

14.1-20.7

23.1-31.5

45.1

30.8

10.6

3.45

20.3

84

Oil

(MJ/kg)

4.9-8.2

8-11.4

13.6

9.8

18.2

0.23

9

81

Natural gas

(MJ/kg)

0.1

1.4-2.9

16.5

5.1

0.1

0

6.3

Total

(MJ/kg)

20.7-30.6

32.5-45.8

78.2

45.7

36.3

3.68

35.6

336

In íhe statement ofthe energy related emissions Danish emissions factors have been used. The
emission facíors used are as follows:
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Table 2 Emission factors (Fenhann, J., and Kilde, N.A., 1994), kg/GJ

Electricity production (coal)

Coke combustión

Gas oil combustión

Natural gas combustión

SO2

0.714

0.680

0.094

0.0003

NOX

0.400

0.200

0.100

0.150

CO2

95.0

102.0

74.0

56.9

N2O

0.003

0.003

0.002

0.001

CH4

0.0015

0.0015

0.0015

0.0040

CO

0.010

0.097

0.012

0.013

The emissions are calculated based on the energy used for material production and the energy
used at the activities. As well energy source (coal, natural gas, oil etc.) as type of energy
production plant (condense, district heating, waste burning etc.) has been considered, as the
emission factors differ depending on fuel and type of plant. Emissions related to transport
have also been estimated based on type of fuel and means of transport.

Table 3 Emissions per'.

Steel

Aluminium

Copper

Plástic

(polyester and epoxy)

Reinforced iron (rebars)

Concrete

Lead

Insulation (/mJ)

cg material produced

SO2

g

12-17

18-24

35.79

15.01

14.76

0.01

18.37

6.17

NOX

g

8-11

12-15

23.37

10.75

9.09

2.50

20.35

2.91

CO2

g

1871-2742

2866-4001

6536

3113

3114

703

2953

1043

N2O

g

0.06-0.08

0.09-0.12

0.19

0.09

0.09

0.00

0.09

0.03

CH4

g

0.03-0.05

0.05-0.08

0.16

0.07

0.06

0.00

0.07

0.02

NMVOC

g

0.10-0.12

0.11-0.14

0.20

0.12

0.13

0.00

0.55

0.03

CO

g

0.88-0.98

0.78-0.92

1.42

0.73

1.56

0.00

3.91

0.74

9.3.1. Materials used for a fusión power plant

The reference technology is a hypotheticai fusión power plant of 1000 MW, which would be
installed in Lauffen (Germany) around 2050. The main components for construction of a
fusión power plant are the buildings, the reactor core, the turbines and generators and
numerous help systems.
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Buildings

Materials for the buildings in a fusión power plant may be divided into materials related to the
tokamak service buildings, the tokamak buildings and the conventional buildings used for
cooling, transformer and generator. The materials used are shown in the following tables.

Table 4 Materials used for the tokamak service buildings

Tokamak Service Buildings

Tokamak Service Building East

Tokamak Service Building West

Magnet Power Conversión Building North

Magnet Power Conversión Building South

Magnet Power Supply Switching Network Building

RJF Power Supply Building

NBI Switchgear Building

Class 1 Power Supply Building

Personnel Building

Laboratory Office Building

Cryoplant Compressor Building

Cryoplant Coldbox/Dewar Building

Site Service Building

Poloidal Field Coil Fabrication Building

Total

Excavation

m3

13640

13640

4962

4962

3594

18088

750

750

-

-

7535

11440

8200

15070

102631

Concrete

m3

4191

4191

7214

6344

4224

5304

750

750

-

-

7605

11540

7952

15090

75155

Rebar

ton

553

553

1035

1019

665

754

0

0

-

-

1182

2013

1418

3011

12203

Embedded
Steel

ton

8

8

5

5

5

6

0

0

-

-

4

5

5

150

201

Structural
Steel

ton

2360

2360

1622

1672

1525

975

45

45

-

-

2150

3052

2220

1752

19778

The amount of materials used for the personnel building and the laboratory office building are
not known and are excluded from the LCA.

Table 5 Materials used for

Tokamak Hall and Pit

Assembly Hall

Laydown Hall

Tritium Building

Electrical Termination Building

the tokamak

Excavation

m3

342480

74230

57210

40860

40860

buildings

Backfill

38270

19750

16360

14110

14110

Concrete

m3

113390

32030

24100

21160

21160

Rebars

ton

23980

3610

3980

4080

4080

Embedded
steel

ton

1915

524

390

351

351

Structural
steel

ton

5820

4630

4850

3130

3130
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Hot Cell Building

Radwaste Building

Total

133144

30200

718984

40338

12250

155188

100139

10750

322729

67901

1800

109431

1486.5

160

5177

748

50

22358

Table 6 Materials used for the conventional buildings

Conventional Buildings

Machine house

Cooling tower

Cooling water buildings

Cooling water channels

Other cooling

Transformer building

Total

Excavation

m3

42000

60000

24000

10000

8000

400

144400

Concrete

ton

65500

80500

92800

20700

13000

2600

275100

Reinforcement

ton

7200

3340

5180

1700

1050

112

18582

Energy use and emissions will be calculated for concrete, rebars and steel using the Danish
LCA model. It is assumed that energy use related to embedded steel and structural steel is the
same. Energy use in relation to excavation and backfill will be excluded from the analysis.

The reactor core

For the reactor core two different models exists, differing in the used cooling médium and
blanket concept. In this paper only the most conservative model, case 2 has been assessed.
The reactor core consists of steel, copper, insulation and lead.

Table 7 Materials used for the reactor core

Reactor Core

Model 2

Cryostat

Magnets

Superconducting Strands

Vacuum Vessel

Shielding Blanket

Divertor

Sum

Steel

ton

5119

26058

1369

11541

11210

977

56274

Copper

ton

0

790

1002

0

0

44

1836

Lead

ton

0

0

0

2196

0

0

2196

Insulation

ton

0

0

82

0

0

0

82
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Turbines, generators and help systems

The energy production device consists of a steam production part, an electricity production
part (turbine, generator, condenser and heater), transformer and cooling devices. The
materials used are as follows:

Table 8 Materials used for the energy production devices

Energy production

Steam Production

Electricity Production

Transformer

Cooling devices

Total

Steel

ton

1680

7295

1033

0

10008

Copper

ton

0

0

210

0

210

Oil

ton

0

0

359

0

359

Fibre
concrete

ton

0

0

0

8530

8530

Plástic

ton

0

0

0

125

125

9.3.2. Energy and emissions related to the production of a fusión power plant

Energy use and emissions will be calculated for the amount of materials related to the fusión
power plant as shown in the table.

Table 9 Total amount of materials used for production of a fusión power plant

Tokamak Service
Buildings

Tokamak Buildings

Reactor Core

Conventional buildings

Energy production

Total

Concrete

m3

75155

322729

0

275100

8530

681514

Rebars

ton

12203

109431

0

18582

0

140216

Steel

ton

19979

27535

56274

0

10008

113796

Copper

ton

0

0

1836

0

210

2046

Lead

ton

0

0

2196

0

0

2196

Insulation

ton

0

0

82

0

0

82

Plástic

ton

0

0

0

0

125

125

Oil

ton

0

0

0

0

359

359

The energy use and the corresponding emissions related to the production of the materials for
the fusión power plant are shown in Table 10.

Table 10 Energy consumption and emissions related to material production

Energy

Consumption

GJ

SO2

ton

NOX

ton

CO2

ton

N2O

ton

CH4

ton

NMVOC

ton

CO

ton
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Subtasks 1.1, 1.4, 1.5 and 1.8

Steel

Rebars

Copper

Lead

Plástic

Insulation

Concrete

Oil

Total

3482158

5089841

159997

78178

4775

2755

2509335

14288

11341327

1944

2070

73

40

9

0

5

1

4135

1249

1275

48

45

1

0

1704

1

4323

312050

436673

13372

6485

389

9

479104

1057

1249139

10

13

0

0

0

0

0

0

23

5

8

0

0

0

0

0

0

14

13

18

0

1

0

0

0

0

112

219

-̂
j

9

0

0

0

0

343

The energy use for the material production is 11341327 GJ or 3150 GWh. With a yearly
electricity production of 6570 GWh for the fusión power plant the energy use is paid back in 6
months.

The emissions of N2O, Q|-|4 and CO have been recalculated to CO2 equivalents using the
following factors: 270, 24.5 and 1.4. This results in the emissions shown in table 11. The
emissions from the production of the fusión power plant have been divided into those due to
electricity and heat related to the production of the materials and those related to
transportation of the materials.

Table 11 Emissions divided into electricity, heat and transportation emissions

Electricity emissions

Heat emissions

Transport emissions

Total

SO2

ton

3628

304

203

4135

NOX

ton

3823

312

188

4323

CO2

ton

1092953

62813

100502

1256268

As seen from the table the electricity used for material production accounts for about 88% of
the emissions. The emissions estimated apply to plants without desulphurisation plants or de
NOX burners, and the emissions are therefore a high estímate. The SO2 and NOX emissions
due to electricity production should be reduced for further calculations, as many plants in
Denmark are provided with desulphurisation plants reducing the SO2 emissions by about
80%, and de NOX burners reducing the NOX emissions by about 70%. Reducing with these
factors give SO2 emissions of 827 ton and NOX emissions of 1297 ton.
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Expecting a lifetime of the plant of 35 years and a total electricity production of 230 TWh
results in emissions of 5.46 g CO2 /kWh, 0.004 g SO2 /kWh and 0.006 g NOX /kWh.

9.3.3. External costs related to material production

The external costs related to the material production related to the fusión power plant will be
estimated based on the results from the ExtemE project. The external costs will be calculated
only for SCb, NOX and CO?. External costs related to particulates will not be estimated, as the
particulate emissions are not known.

It is assumed that the material production is based on fossil fiiels as fossil fiiels constitute 64%
of the electricity production in Germany. For SO2 and NOX the damage costs per ton of
pollutant emitted from fossil fuels calculated for Germany will be used. For CO2 emissions
the following numbers are used: 3.8 ECU/ton, 18, 46 and 139 ECU/ton CO2 in accordance
with the ExtemE project. For ozone emissions a figure of 1500 ECU/ton NOX is used also in
accordance with the ExtemE project.

Table 12 External costs for material production related to a fusión power plant

Emissions

Damage costs per ton pollutant

External costs in mECU/kWh

SO2

0.004 g/kWh

9732 ECU

0.04

NOX

0.006 g/kWh

4214 ECU

1500 ECU (ozone)

0.03

CO2

5.46 g/kWh

3.8-139 ECU

0.02-0.76

Using a mid estímate for CO2 of 46 ECU/ton CO2 results in external costs of 0.32
mECU/kWh. This is a low estímate as external costs related to particulates are not included.

The same methodology has been used calculating the extemal costs related to material
production for a Danish wind farm. The damage costs per ton pollutant are related to fossil
fuels in Denmark. Using the mid estímate for CO2 of 46 ECU/ton CO2 gives an estímate of
0.82 mECU/kWh in external costs related to material production of a wind farm.

Similar calculations have not been included for the nuclear fuel cycle.
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9.4. APPENDIX D. Potential pH equilibrium diagrams
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Task 1. Externalities oj'the fusión fuel cycle.

Subtasks 1.1, 1.4, 1.5 and 1.8

9.5. APPENDIX E. Non-radiological health effects. Dose-response
functions and monetary valuation.

9.5.1. Dose-response functions

Health effects produced by the exposure to non-radiological poUutants of the fuel cycle are
summarised in the following table

Table 1: Quantification of human health impacts. The exposure response slope, fer , has units
of [cases/(yr-person-ug/mJ)] for morbidity, and [%change in annual mortality rate/(ug/mJ)]
for mortality.

Receptor Impact Category

ASTHMATICS (3.5% of population)

Adults Bronchodilator usage

Cough

Lower respiratory
symptoms (wheeze)

children Bronchodilator usage

Cough

Lower respiratory
symptoms (wheeze)

all Asthma attacks (AA)

ELDERLY 65+ (14% of population)

Reference

Dusseldorp et al, 1995

Dusseldorp et al, 1995

Dusseldorp et al, 1995

Roemereí al, 1993

Pope and Dockery,
1992

Roemere/a/, 1993

Whittemore and Korn.
1980

Pollutant

PM 1 0 >
Nitrates,
PM25,
Sulphates
PM10,
Nitrates,
PM25,
Sulphates
PM10,
Nitrates,
PM2.5,
Sulphates
PM10,
Nitrates.
PM2.5,
Sulphates
PM,0,
Nitrates,
PM,,.
Sulphates
PM10,
Nitrates,
PM2.5,
Sulphates

o3

fer1

0.163
0.163
0.272
0.272
0.168
0.168
0.280
0.280
0.061
0.061
0.101
0.101
0.078
0.078
0.129
0.129
0.133
0.133
0.223
0.223
0.103
0.103
0.172
0.172
4.29E-3

Uncertainty
rating

B
B?
B
B
A
A?
A
A
A
A?
A
A
B
B?
B
B
A
A?
A
A
A
A?
A
A
B?

Congestive heart Schwartz and Morris,
failure 1995

PM,o,
Nitrates.
PM25 , '
Sulphates,
CO

1.85E-5
1.85E-5
3.09E-5
3.09E-5
5.55E-7

B
B?
B
B
B

CHILDREN (20% of population)
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Chronic bronchitis

Chronic cough

ADULTS (80% of population)
Restricted activity
days (RAD)2

Minor restricted
activity day
(MRAD)J

Chronic bronchitis

ENTIRE POPULATION
Respiratory hospital
admissions (RHA)

Cerebrovascular
hospital admissions

Symptom days
Cáncer risk estimates

? Acute Mortality
(AM)

Chronic Mortality
(CM)

Dockerye/a/. 1989

Dockeryeía/, 1989

Ostro, 1987

Ostro and Rothschild,
1989

Abbey et al, 1995

Dábetal, 1996

Ponce de León, 1996

Wordley et al, 1997

Krupnick et al, 1990

Pilkington et al, 1997

Spix et al, 1996,
Verhoeffera/. 1996

Anderson et al, 1996,
Touloumi et al, 1996
Sunyer et al, 1996
Popeefa/, 1995

PM10,
Nitrates,
PM-.5,
Sulphates
PM,o,
Nitrates,
PM2.5,
Sulphates

PM,o,
Nitrates,
PM-,5,
Sulphates

o3

PM,o,
Nitrates,
PM25,
Sulphates

PM,o,
Nitrates.
PM25,
Sulphates
SO,

o3
PM10,
Nitrates,
PM25,
Sulphates

o3
Benzene
Benzo[a]Pyrene
1,3 butadiene
Diesel particles
PM10)

Nitrates,
PM2.3,
Sulphates
SO,

o3
PM,o,
Nitrates,
PM2.5,
Sulphates

1.61E-3
1.61E-3
2.69E-3
2.69E-3
2.07E-3
2.07E-3
3.46E-3
3.46E-3

0.025
0.025
0.042
0.042
9.76E-3

4.9E-5
4.9E-5
7.8E-5
7.8E-5

2.07E-6
2.07E-6
3.46E-6
3.46E-6
2.04E-6
7.09E-6
5.04E-6
5.04E-6
8.42E-6
8.42E-6
0.033
1.14E-7
1.43E-3
4.29E-6
4.86E-7
0.040%
0.040%
0.068%
0.068%
0.072%

0.059%
0.39%
0.39%
0.64%
0.64%

B
B?
B
B
B
B?
B
B

B
B?
B
B
B

A
A?
A
A

A
A?
A
A
A
A
B
B?
B
B
A
A
A
A
A
B
B?
B
B
B

B
B
B?
B
B

1 Sources: [ExternE, European Commission, 1995] and [Hurley et al, 1997].

2 Assume that all days in hospital for respiratory admissions (RHA), congestive heart failure
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(CHF) and cerebrovascular conditions (CVA) are also restricted activity days (RAD). Also
assume that the average stay for each is 10, 7 and 45 days respectively.

Thus, net RAD = RAD - (RHA*10) - (CHF*7) - (CVA*45).

3 Assume asthma attacks (AA) are also minor restricted activity days (MRAD), and that
3.5% ofthe adult population (80% ofthe total population) are asthmatic.

Thus, net MRAD = MRAD - (AA*0.8*0.035).

9.5.2. Monetary valuation

Monetary valúes for the above detailed health endpoints recommended by the updated
ExternE methodology are the following

Table 2. Updated Valúes for Morbidity Impacts

ENDPOINT VALUÉ
(ECU)

ESTIMATION METHOD

AND COMMENTS

Acute Morbidity

Restricted Activity Day (RAD) 75

Symptom Day (SD) and Minor 7.5
Restricted Activity Day

Chest Discomfort Day or Acute 7.5
Effect in Asthmatics (Wheeze)

Emergency Room Visits (ERV) 223

Respiratory Hospital 7,870
Admissions (RHA)

Cardiovascular
Admissions

Hospital 7,870

Acute Asthma Attack 37

CVM in US estimating WTP. Inflation adjustment
made.

CVM in US estimating WTP. Account has been
taken of Navrud's study. Inflation adjustment made

CVM in US estimating WTP. Same valué applies to
children and adults. Inflation adjustment made.

CVM in US estimating WTP. Inflation adjustment
made.

CVM in US estimating WTP. Inflation adjustment
made.

As above. Inflation adjustment made.

COI (adjusted to allow for difference between COI
and WTP). Applies to both children and adults.
Inflation adjustment made.

Chronic Morbidity

Chronic Illness (VSC) 1,200,00 CVM in US estimating WTP. Inflation adjustment

Chronic

Chronic

Bronchitis in Adults

Case of Asthma

0

105

105

,000

,000

made

Rowe

Based

etal

on

(1995).

treatin»

Cases of change in prevalance 225
of bronchitis in children

chronic bronchitis.

Treated as cases of acute bronchitis.
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Cases of change in prevalance 225
of cough in children

As above.

9.5.2.1.Valuation ofmortality

Valuation of mortality impacts has been performed in the last phase of the ExternE project
using the concept of Valué of statistical Ufe (VSL). However, a number of questions were
raised regarding the use of the VSL for every case of mortality considered. These questions
related to the fact that many people whose deaths were linked to air pollution were suspected
to having only a short Ufe expectancy. In view of this the project explored valuation on the
basis of life years lost. For quantification of the valué of a Ufe year (YOLL) it was necessary
to adapt the estimate of the VSL. Although, this approach is also subject to criticism. within
the ExternE methodoiogy it was concluded that VSL estimates should be restricted to valuing
fatal accidents, mortality impacts in climate change and similar cases where the impact is
sudden. The VSL should not be used in cases where the hazard has a significant latency
period before the impact, or where the probability of survival añer impact is altered over a
prolonged period. In this cases the valué of life years lost approach is recommended.

The YOLL approach is particularly recommended for deaths arising from illnesses linked to
exposure to air pollution. The valué will depend on factors such as how long it takes for the
exposure to result in the illness and how long a survival period the individual has after
contracting the disease. Two sets or valúes have been derived for impacts caused by air
pollution: one for acute mortality and for chronic mortality.

Table 3. Estimated YOLL for acute and chronic effects of air pollution and best estimate of
the VSL

Acute mortality

Chronic mortality

VSL

Discount rate

0%

3%

10%

0%

3%

10%

YOLL

73500

116250

234000

98000

84330

60340

3100000
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