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ABSTRACT

Research programs conducted in France in the framework of the 1991 act offer various options for management of the back-
end of the fuel cycle. Proposals to be debated in 2006 will rely not only on broad scientific and technical knowledge, but
also on the compilation and integration of results, with syntheses and analyses intended to highlight the advantages and the
limitations of each of the waste management paths. This presentation introduces a methodology derived from the life cycle
analysis as well as some preliminary results.
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1- INTRODUCTION

The act of 30 December 1991 set a research framework designed to propose, by 2006, solutions for the management of
high-level and long-lived radioactive wastes in France. It identifies three research directions :

• separation and transmutation of long-lived radioactive elements present in these wastes ;

• investigation of the possibility of reversible and irreversible disposal in deep geological formations, particularly
through the construction of underground laboratories ;

• study of processes for conditioning and long-term surface storage of the wastes.

The organizations charged with research on the back-end of the nuclear power cycle are required to present their results in
2005 to the National Evaluation Commission, which will send its recommendations to the Parliament. The Parliament will
propose the alternatives designed to consider the most appropriate management modes for the high-level and long-lived
radioactive wastes.

The different management paths for the back-end of the nuclear life cycle will be assessed according to various criteria,
including material balances, the risks they incur, and their health and environmental impact. The organizations responsible
for research, Andra and the C.E.A., alongside the nuclear industry companies, EDF and COGEMA, have undertaken to
examine the methods designed to contribute to the assessments needed. Preliminary studies carried out by the different
players have shown that such an assessment would require considering all the steps of the fuel cycle, particularly in order to
identify the advantages connected with material recycling. The first step consisting in pooling the available data to compile
a database of the health and environmental impacts of the nuclear power cycle. Once compiled and checked by the different
operators, the data will serve to make a first assessment of the health and environmental impacts of the present cycle. This
will provide the basis for developing the methodology and tools for assessing the different scenarios for future management
of high-level and long-lived radioactive wastes, particularly those related to the separation-transmutation investigated in
connection with the act of 30 December 1991.

The methodological framework selected in a first stage to determine the health and environmental impacts of the nuclear
power cycle is derived from the Life Cycle Analyses (LCA). The construction of an assessment software was carried out
alongside Ecobilan.



In this presentation we propose to :

• describe the software developed by indicating its objectives, its methodological framework and the data used, and
indicating the present limitations, including from the standpoint of available data ;

• illustrate the results based on the present cycle;

• introduce the applications to the results of research undertaken in connection with the act of 30 December 1991.

2- METHODOLOGY

The back-end of the nuclear fuel cycle designates the industrial operations conducted after the fuels pass through the nuclear
reactors: interim storage, reprocessing, plutonium and uranium recycling, disposal in a deep geological formation. The
back-end is indissociable from the front-end of the nuclear power cycle, since French policy aims to utilize the recoverable
energy materials, particularly by recycling separated plutonium, which offers economies in natural uranium.

The analysis of the options associated with the back-end of the cycle must therefore address all the steps of the cycle,
including its economic, social, health and environmental aspects. To restrict its field of view to the steps, strictly speaking,
of the back-end, would lead to a partial and biased view. The overall dimension of the cycle is therefore indispensable.

The comparative analysis of several options of nuclear power scenarios must also ensure that the comparison is made with
the same service rendered, in other words, with the same nuclear generated electricity for each of the scenarios analyzed.

The interaction between the systems created by man and the environment is complex and multiple : resource consumption,
land use, emissions in air, in water, soil, etc. To be complete, the analysis of this interaction must try to address all of these
components, to the extent of the available knowledge. An environmental analysis is therefore necessarily a multicriteria one.

These three imperatives - cycle dimension, identical service rendered, multicriteria approach - have dictated the choice of
the Life Cycle Analysis (LCA) as a starting methodological basis for comparing the scenarios. This approach (LCA) has in
fact been designed to integrate the environmental dimension in the decision making process. Like any scientific approach, it
sometimes carries limitations which are presented below, and which therefore demanded adjustments in order to have a
comparison methodology relying on different approaches and different tools.

Life Cycle Analysis as a methodological basis

The life cycle analysis of a product - Life Cycle Analysis or Assessment - or the environmental balance of a product is
carried out in four phases :

1 - definition of the objectives and field of the study comprising :

• description of the service rendered for which the environmental balance must be quantified and for which several
scenarios are to be compared ;

• identification of the steps of the process leading to the completion of this service ;

• definition of the environmental assessment criteria which must be adjusted to the context and to the objective of the
study.

2 - the gathering of data to compile the inventory of the life cycle. The life cycle inventory consists in identifying the flows
of materials and energies - or impact factors on the environment - at the boundaries of the study system. These flows are
related to a unit reflecting the service rendered, called a functional unit. For each step identified in the system, the input and
output flows are then identified: energy, intermediate products and water consumptions, emissions in water, air and soil,
wastes produced. This data gathering concerns all the industrial steps included in the system, as well as the transport steps,
the release of the energy (electrical energy and thermal energy) and the consumption of packagings and overpacks. These
data are primarily quantified for the industrial facilities involved in the process. Data on other companies manufacturing
similar products could also ultimately be useful. These data are generally of bibliographic origin.

3 - The calculation of the impact indicators. The impact indicators (consumption of non-renewable resources, greenhouse
effect, acid rain, etc.) are calculated by aggregating the inventory flows through the process.

4 - Interpretation of results. This involves devising answers to the problems initially posed by assessing the robustness of
the quantitative results obtained.



Guidelines of the comparative analysis

• Compare an identical service rendered : the function of the French nuclear power cycle is the generation of electricity.
The different prospective scenarios are hence analyzed for the same service rendered : power generation normalized to
one TWh. From this power generation are inferred the quantities of natural uranium, enriched uranium, spent fuel, etc.
involved in the different steps. These qualities depend on the burnup, enrichment rate and target release rate, reactor
efficiency, etc.

• Cover the overall nuclear power cycle to avoid a partial approach: the scenarios examined refer to different
managements of the back-end of the nuclear cycle, which meshes strongly with the front-end. All the steps of the fuel
cycle must therefore be modeled. For example, the recycling of Pu in MOX fuel after reprocessing of spent UO2 fuels
helps to produce electricity and hence economize the production of enriched uranium from mined uranium ore.

• Cover large time scales, including potential impacts from the geological repository. Thus, assessments over 100,000
years or more must be performed. The nuclear power seems to be the only industry leading the analysis so far , even
compared to other industries which generated wastes have unlimited lifetime.

The overall steps currently included in the database are taken into account to make simulations on the different scenarios.
Depending on the scenarios, certain steps may or may not be included.

Assessment criteria

To the extent of the available knowledge, the environmental and health assessment criteria must help pinpoint the main
components of the impact of the system on man and ecosystems. Formally speaking, these criteria may be of three different
types : flows (e.g. water consumption), impact indicators (e.g. greenhouse effect) and energy indicators (e.g. primary
energy). The following assessment criteria were selected in the preliminary assessments:

• Material flows :

• water consumption

• raw materials consumption

• air emissions of particulates

• production of low, medium and high-level radioactive waste

• disposal of non-reused depleted uranium

• mine tailings

• production of stored spent fuel assemblies.

• Energy indicators

• primary energy

• renewable energy

• non-renewable energy

• Non-radioactive impact indicators

• greenhouse effect

• consumption of non-renewable resources

• acid rain.



Other indicators are eligible from the LCA methodology, but not selected at this stage due to their unreliability, or to their
lack of relevance (formation of photochemical oxidants, eutrophization of waters.. .)•

• Radiological impact indicators: these are not part of the standard criteria used in the LCA. One of the major difficulties
is linked to the very low doses induced by the industry and which does not incure detectable impacts through
epidemiological studies. Faced to such a situation, we can limit our choice to dose indicators, remaining aware of the
methodological difficulties in summing up. Hence a proposal of criteria characterizing this impact has been made by
considering the short-term impacts due to routine emissions of sites in normal operation, and also long-term impacts due
to the disposal of high-level and long-lived wastes in deep geological formations.

• For the short-term health impact, however, no method available to the achieve an international consensus for
analyzing the health impact through complete cycle. Thus various approaches have been tested, either by
applying methods derived from the LCA by equivalence between radioelements, or by using the results of the
impact studies based on the collective dose per radioelement, or by using the results of the radiological impact
study of real sites

• For the long-term health impact, it has been proposed to select the impacts at given times, and the maximum
dose. At 104 years, only the deteriorated repository scenarios can provide a signal, which is taken into account.
For scenarios of normal evolution of the repository, deadlines of 105 and 106 years have been selected as a
preliminary approach.

Field of application of the methodology

The research organizations, together with the industries of the fuel cycle, wanted to develop a software designed to compare
the health and environmental impacts of several possible configurations for the back-end of the nuclear fuel cycle, and
accordingly relied for a preliminary phase on the life cycle analysis approach. The following cycle configurations were
examined for the development of the methodology :

• « Pu » monorecyling : the irradiated UOX fuel is reprocessed and the Pu recycled in MOX fuel;

• open cycle : for the time being, the spent fuel, not reprocessed after irradiation, is intended for direct disposal in a deep
geological formation;

• « multirecycling » : reprocessing is extended to the entire fuel, including MOX, with prospective sites designed to
stabilize the actinide balance, or to reduce the radiotoxic inventory by recycling long-lived radionuclides.

The specificity of the nuclear power cycle is the generation of wastes of which the potential for harm, due to the long-lived
radionuclides they contain, can last several million years. This particular problem concerning the impact dimension over
time scales beyond common understanding requires specific considerations for the proposal of indicators that we will
discuss below.

The limits of the conventional LCA methodology also led to a narrowing of the indicators considered during this
preliminary phase. In particular, the following indicators were discarded :

• the impact of radioelement emissions on ecosystems, for which the approaches and databases are still scarce ;

• the impact of thermal releases on the ecosystems : this impact, which corresponds to a local disturbance of the aquatic
and atmospheric ecosystems present at the outlet is difficult to quantify ;

• impact of the installations on the landscape : this impact, of which the objective nature is debatable, is also difficult to
quantify.

Finally, the incidents and accidents and the transient phases have been ignored. The scenarios are considered as steady-state
and the transition from the present situation to new cycle scenarios has not been addressed.

To limit the complexity of the system, some categories of operations have been excluded. The inclusion of a cycle step
concerns not only the site(s) of the nuclear power system corresponding to this step, but also the production of consumables
used by the site(s) and any treatment of the wastes they generate. The tree structure soon becomes complex and it becomes
necessary to exclude certain categories of operations, whose contribution to the complete balance is judged to be minor for
the time being.



The steps ignored in the present construction are :

1. Construction of the buildings of industrial sites as well as the manufacture of machines and tools. The production of the
main materials making up the structures (concrete, steel, ...) was nonetheless taken into account for power plants and
radioactive waste repositories.

2. Exploration and remediation of uranium mines.

3. Production of the zircaloy clad surrounding the fuels.

4. Maintenance of the installations : replacement of parts (e.g. steam generators of a reactor) repairs, etc.

5. Decommissioning of buildings of industrial sites : disposal of building materials and impacts of the decommissioning
site.

6. Retrieval of old unconditioned wastes produced by previous reprocessing operations.

7. Management of wastes generated by past research.

The study aims to analyze the environmental and health cycle of the nuclear fuel for the present French configuration and
for potential configurations. The data used to model the steps of the cycle must be consistent with this objective. The data
used to identify and quantify the input and output flows correspond to the values recorded on the facilities of the French
system, for the year 1998. For a portion of the steps of the nuclear power cycle, very few sites actually exist. This is the case
of conversion, enrichment, fuel fabrication and reprocessing. By contrast, for others, these sites are numerous: this applies
to uranium ore mining and beneficiation and power plants. The representativity of the « sites » data is high (close to 100%)
for most of the steps, except for the mine, where it is very low (1 to 5%), if we consider the poor fraction of uranium
produced from French mines among the supplies of EDF.

3- RESULTS

The preliminary results which contributed to testing the methodology are represented below, particularly those concerning a
cycle flowchart considered as representative of the present nuclear fuel cycle in France. This cycle corresponds to a
transient phase, the behaviour of the small amount of non-reprocessed spent fuels not having been decided.

Flow of materials per TWhe
PWR facilities - partial monorecycling of Pu

Simulation of a realistic situation

0,7125 TWhe

REPOSITORY

Figure 1 : Nuclear power cycle with monorecyling at equilibrium
(for 1 TWh produced, Source : EDF SEPTEN)



Production of wastes and stored materials

Table 1 gives the values and compositions in U, Pu actinides of the main wastes and materials stored, as calculated from the
LCA methodology.

Production of wastes and stored
materials

Reprocessed uranium

Depleted uranium, separated from
enrichment

UOX Assemblies

MOX Assemblies

Vitrified C waste

B waste

A waste

VLL waste

Treatment waste

Class 1 waste

Class 2 waste

Inert waste

Total

2020 kg

18 t

375 kg

250 kg

560 kg

1.71

47 t

48 t

4100 t

0.6 t

191

7 t

U(kg)

2020

350

220

3

34

3100

Pu(g)

1300

12700

57

2

Minor Actinides

420

1300

2700

1

420

Table 1 : Values and compositions in U, Pu and actinides of the main wastes and materials stored for the production ofl
TWhe (cycle with monorecycling)

Consumption of materials and water

Table 2 gives the values of resources consumed for the production of 1 TWhe. These values, which may seem high, must be
related to the quantity of electricity produced to which they correspond; as these values are generated from a LCA
approach, they include the main upstream, as that related to the production of iron framework, and downstream
consumptions. The electricity used for the cycle, specially for the enrichment, has been taken into account as the French
production, i.e. % originating from nuclear. Coal consumption, for example, which is also included in the power generation
structure of the country, only counts in energy content for about 0.4% of the electrical energy generated. This also explains
why the energy consumption apart from the energy released by the uranium nuclei in the reactors only amounts to 2.4% of
the total primary energy consumed.



Consumption

Uranium (ore)

Coal (ore)

Natural gas (resource)

Oil (ore)

Energy consumed (not
including energy released by U
nuclei in PWR)

Iron (ore)

limestone (ore)

Water (cooling of reactor
condensers)

Water (other uses)

Total

21 t

600 t

260 t

560 t

270 TJ

260 t

2200 t

85 000 000 m3

7 000 000 m3

Origin

Mines (98%)

Enrichment (58%)

Mines (63%)

Enrichment (44%)

Enrichment (2%)

Reactors (29%)

Enrichment (20%)

Reactors (23%)

Mines (6%)

Reactors (9%)

Mines (18%) Reprocessing (10%)

For 2.4% of total primary energy consumed to produce lTWh

(11 000 TJ)

Reactors (79%)

Reactors (59%)

Reactors (100%)

Reactors (100%)

Enrichment (7%)

Mines (26%)

Reprocessing (4%)

Medium — and high-
level waste disposal
(5%)

Medium - and high-
level waste disposal
(6%)

Low-level waste
disposal (3%)

Table 2 : Quantities of water resources consumed for the production of 1 TWhe

Atmospheric emissions and atmospheric impact indicators

Table 3 shows the values of radioactive and particuiate emissions in air as well as the indicators of atmospheric impacts for
the production 1 TWhe. Again, those results are generated from a LCA methodology, including apstream and downstream
flows. Table 3 highlights the respective predominance of mining and reprocessing for alpha emissions (radon, natural
gaseous radionuclide) and for beta-gamma emissions (krypton, inert gas). The enrichment step, which is highly energy
intensive, is the main source of non-radioactive atmospheric impacts (greenhouse effect, acid rain, production of
photochemical oxidants) except for particulates, which derive chiefly from mining.

Furthermore, these values, which may seem high, should be nuanced by comparison, for example, with those obtained for
coal fired systems. Thus the greenhouse effect, acid rain, the production of photochemical oxidants and particuiate
emissions are respectively about 200 times (coal: 880 kt eq. CO2), 220 times (coal: 220 eq. H+), 330 times (coal: 5.8 kt
eq. C2H4) and 25 times (coal: 900 t) higher in coal-fired systems.



Air

Alpha emissions (total)

Beta-gamma emissions (fetal).

Increase in greenhouse effect
(100 years)

Acid rain

Formation of photochemical
oxidants

Particulates

GBq

TBq

Teq. CO2

KgEq.H+

Kg eq. C2H4

t

Total

780

415

4500

CO2 (95%)

980

SOx (57%)

NOx (40%)

NH3 (3%,
conversion)

17400

34

Origin

Mines (100%)

Rn 222 (1020%)

Reprocessing (100%)

Kr85(100%)

Enrichment (54%)

CO2

Enrichment (58%)

NOx

Enrichment (52%)

Mines (61%)

Reactors (21%)

CO2

Reactors (15%)

NOx, SOx

Reactors (23%)

Reactors (32%)

Mines and
beneficiation
(16%)

CO2

Reprocessing
(11%)

Sox

Mines and
beneficiation
(18%)

Reprocessing (4%)

Reprocessing (11%)

CO2

Mines and
beneficiation (9%)

SOx

Reprocessing (4%)

Table 4 : Emissions and indicators of atmospheric impact for the production 1 TWhe

Liquid releases and indicators of impact on aquatic ecosystems

The values of radioactive and non-radioactive emissions in water are presented for the production of 1 TWhe in table 5. As
for air, radioactive emissions in water derive chiefly from mining and reprocessing. The main sources of non-radioactive
emissions are variable : mining (chlorides), enrichment (fluorides), reactors (metals).

Water

Alpha emissions (total)

Beta-gamma emissions (total)

Metals

Fluorides

Chlorides

MBq

TBq

kg

kg

kg

Total

680

15

4200

Cu (53%)

Zn (27%)

73

36000

Origin

Mines (89%)

U

Reprocessing (88%)

H3

Reactors 80%)

Cu, Zn

Enrichment (79%)

Mining and
beneficiation (73%)

Reprocessing
(9%)

Pu

Reactors (11%)

H3

Mines and
beneficiation
(19%)

Mo

Reactors (12%)

Reactors (26%)

Reprocessing (3%) Conversion (3%)

Table 5 : Emissions in water and eutrophisation indicator for the production oflTWhe



4- DISCUSSION AND PROSPECTS

« Work review/difficulties encountered/results »

The work described in this article enables us today to propose a preliminary version of a multicriteria environmental
comparison methodology for prospective nuclear power scenarios. Our considerations were initially based on a « Life Cycle
Analyses » approach. Of this starting point, we have preserved the following :

• general methodological framework : we want to compare « cradle to grave » scenarios ; the methodological
framework «Life Cycle Analyses» guarantees a rigorous methodological approach (definition of the
functional unit, gathering and structuring of the data, etc.)

• practical application of the LCA for total environmental impacts (mainly greenhouse effect, acid rain, waste
production, resource consumption).

Yet the specificity of nuclear energy and of its problematics also led us to enrich this approach through other types of
environmental assessment: results of the « cycle inventory » computer code, results of impact studies for radiological
releases in normal operation, results of safety analyses for deep nuclear waste repositories...

The wide range of skills enlisted created a major difficulty. Although an LCA study is often time consuming, it is simple to
implement in practice. However, its concepts - and its limitations - are difficult to grasp. And local approaches (impact and
safety analyses) draw on very specific, cutting-edge skills. A first result has been to mitigate approach from the nuclear
industry and from LCA specialists, but progress are still achievable on the side of methodology as well as on data
interpretation.

Besides, « environmental impact»is a difficult concept to rationalize and translate in terms of impact software and criteria.
The exercise is particularly difficult since each player, methodologist, industrialist, decision maker, already has an a priori
ranking of the environmental impacts, established according to his professional environment, his culture, his sensitivity, etc.
Despite introductory remarks on sanitary impacts, it should be noticed that very poor results are given. Satisfactorily, we
can say that there is no detectable impact, but such an answer is not enough for the public debate. A way of progress will
concern the deep geological disposal, designed to ensure safety, and for which there is no impact, as calculated from
computations in most of the situations.

We therefore tried to first clarify this complexity, and offer a methodological guide with high pedagogical content.

« Prospects «

A major limitation of the results presented hereabove still results in the fact that few real impacts have been actually
derived. The main part of these results constists in effluents rates that are partly due directly to day to day operation of the
fuel cycle plants, and partly due to taking into account the larger scope of LCA: investment and dismantling on one hand,
and induced effects due mainly to input consumption on the other hand. This is particularly true concerning the radiological
impact on health of radioactive emissions.

In fact, the number of becquerels emitted from a given plant has few interest by itself. The most interesting result is the dose
to the most exposed person in the critical group (as the collective dose appears as a convenient indicator, but without any
solid ground). For decades, the nuclear industry has adopted the ALARA principle, which means that all discharges will be
As Low As Reasonably Achievable. The result of this long run action is a constant monitoring of the effluents and a very
accurate follow-up of the induced doses. An order of magnitude of these dose is in the range of few dozen of
microSieverts/m.year for plants such as fuel fabrication or reprocessing, serving some dozen of reactors. The impact of a
reactor is about 1 microSievert/m.year

These results are in the range of 1% of the dose due to natural radioactivity, ie. that their impact on health of human beings
is close to zero or actually zero.

Thus, an important improvement of our methodology will be to progress towards impact assessments. For doing this, we
shall benefit from the level of the direct impacts measured in routine operation as quoted above. Concerning the induced
impacts, the question is theoretically more complex, but the underlying values are much lower.

Another point is to test the methodology developed. To do this, we have planned to have it analyzed by a committee of
experts. Only on completion of this analysis will we be able to apply the methodology to compare scenarios.



The next step will be the analysis of the different options to be studied, and particularly those integrating the steps of
intensive separation, transmutation, long-term storage. We will accordingly be faced with many questions :

• is our methodology effectively applicable to the comparison of transmutation scenarios ?

• will our methodology be able to discriminate the scenarios ? (A non-discrimination is already a result).

• will we need new data to make our comparisons ?

In the longer term, we could consider aggregating the different impact criteria. Our methodology is in fact multicriteria by
definition : could the impact criteria supplied be ranked ? and in the longer term, would it be possible to obtain a single
grade ?

We hope that the methodology developed will contribute to the forthcoming decisions, by clarifying the environmental
consequences of the options selected. The final decision in 2006 will rely not only on the results of scientific and technical
researches, but also on economic, and societal aspects. The environmental approach will also be considered.
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