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1. INTRODUCTION

During the last few decades, the safety, health and environmental consequences of
technological and industrial development have included a growing social concern and an
incentive for the rapid improvement of risk assessment and management techniques. Nuclear
technology has participated in this evolution and has played a pioneering role in several
domains. Many methods and techniques which are currently in use for evaluating health and
environmental hazards have their roots in the nuclear field and the principles underlying
nuclear safety and radiological protection have found a large spectrum of applications in
relation to many other technological and industrial risks.

In this context, the health and environmental impacts of the nuclear fuel cycle have
been extensively studied. Not only past experience with the various facilities, but also a whole
spectrum of potential consequences related to normal operation and accidental situations have
been analyzed in the framework of studies performed at the design stage of installations. As
a result, the nuclear fuel cycle is probably the industrial system which has been the most
scrutinized as far as risks to humans and the environment are concerned.

Although a vast amount of information based on experience and analysis is available,
it is important to recognize that some elements of the environmental safety issue remain
controversial. There are sometimes opposite views on unresolved questions such as the risk
associated with low level radiation exposure. Other complex issues are difficult to address
with existing concepts and tools but, for the safe of completeness, need to be incorporated
into consequence analysis. Among this last category, the problem of the very long term
potential impacts of radioactive wastes and, to a lesser extent, of long lived radionuclides
released into the environment and affecting large populations is certainly the most challenging
as it involves not only methodological difficulties but also political and even moral
dimensions.

The objective of this paper is to give an overall perspective of the health and
environmental consequences of the nuclear fuel cycle. This is done using surveys of the
performances of nuclear installations worldwide [1] and results of recent studies on the
impacts on health and environment of the nuclear fuel cycle [2].

The first part of this paper presents some of the main issues which characterize the
risk dimensions of the nuclear fiiel cycle. After a brief description of the safety and radiation
protection principles on which the operation of nuclear installations is based, an historical
review is presented of incidents and accidents that have occurred in the nuclear industry, with
emphasis on the on-going improvements of the safety of installations since the 1960s. Then,
the sensitive question of plutonium is addressed as well as the difficult methodological issues
of radioactive wastes and long term and global consequences of the fuel cycle.

The second part is an attempt to compare quantitatively the main impacts of three
different fuel cycles in normal operation. They reflect existing practices or those expected to
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be implemented in a not too distant future. Hie fuel cycles compared are: once-through fuel
cycle, a cycle with reprocessing of spent fuel and one recycling of plutonium, and finally a
cycle with reprocessing and multirecyeling of pkrtonium with fast reactors (see also Key Issue
Paper No.3 [3]). The aim of the comparison is to evaluate whether significant differences can
be identified among these three fuel cycles in terms of occupational and public exposure as
well as in terms of other environmental impacts. The assessment is based on available data
and current methods for forecasting the order of magnitude of the individual and collective
inroads expected in the future. Indications about the risks associated with a thorium fuel cycle
are also presented in qualitative terms.
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2. KEY ISSUES

2.1. PRINCIPLES OF RADIATION PROTECTION AND SAFETY

As it has long been recognized that radiation exposure can cause clinical damage to
the tissues of the human body and has a potential for the delayed induction of malignancies,
nuclear technology has been developed on the basis of sound radiation safety principles
covering radiation protection, nuclear safety and radioactive waste management.

2.1.1. Radiation protection

Historically, radiation protection emerged quite early in the 20th century when those
involved in the medical use of ionizing radiation became aware that high doses of radiation
could cause harmful effects. Since 1928, the International Commission on Radiological
Protection (ICRP) has made recommendations concerning the fundamental principles on which
appropriate radiological protection should be based. These recommendations have evolved in
time with the development of scientific knowledge about the biological effects of radiation.

Initially, and until the 1950s, the emphasis was on the prevention of the occurrence
of clinically significant radiation induced effects, the so called deterministic effects, by
compliance with individual dose limits established below the apparent threshold for these
effects. Since then, it has become evident that below the threshold levels for deterministic
effects there was still a risk of increasing the incidence of cancer, the so-called stochastic
effects, within exposed populations. As a consequence, in an effort to provide protection to
society and to prevent unnecessary radiation loads, the emphasis has been put on keeping all
exposures as low as reasonably achievable, economic and social factors being taken into
account. This last objective, known as the "ALARA principle", together with the social
justification of practices involving radiation and the limitation of individual doses to tolerable
levels of risk, are now the driving force of the system of radiological protection recommended
by the ICRP [4].

These recommendations are based on the scientific information about the health effects
of radiation regularly compiled by the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) set up in 1955. They are adopted by regulatory agencies at
national, regional and international levels and form the basis of most regulations throughout
the world.

The practical implementation of the above radiation protection principles has resulted
in a substantial reduction of the exposure of both workers and the public over the last few
decades. The following two figures illustrate this general improvement. Figure 1 shows the
evolution of the total occupational collective dose per TW.h of electricity produced associated
with the total number of operating reactors [5]. Since the late 1960s the doses have been
decreased by a factor of about 5. Similarly, there was a continuous reduction of radioactive
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releases as shown in Fig. 2 which displays, as an example, the reduction of radioactive liquid
releases per TW.h from operating power reactors in France and the increase in their number.

2.1.2. Nuclear safety

Nuclear safety became an issue only when large scale industrial processes were
introduced in the 1950s with the potential for major accidents that could affect not only the
workers but also the general public. Several accidents in the early years of the nuclear age
demonstrated the need for developing safety standards for the design and operation of nuclear
facilities. This was done mainly at the national level, and despite an extensive exchange of
knowledge and experience at the international level, safety requirements have not been
implemented consistently in all types of plants and in all countries. In this context, the
International Nuclear Safety Advisory Group (INSAG) was formed in 1985 by the
International Atomic Energy Agency (IAEA) with the task, among other things, to formulate,
where possible, commonly shared safety concepts.

In broad terms, the general objective of nuclear safety for nuclear plants, as defined
by INSAG is: "to prevent with high confidence accidents in nuclear plants; to ensure that, for
all accidents taken into account in the design of the plant, even those of very low probability,
radiological consequences, if any, would be minor; and to ensure that the likelihood of severe
accidents with serious radiological consequences is extremely small" [6].

The ongoing safety evaluation of nuclear facilities is based upon compliance with the
relevant rules and regulations, analysis of potential risks, performed using deterministic or
probabilistic methods, and feedback of experience. These general rules were formulated in
parallel with the development of nuclear power and became the basis of activities in the field.
Safety goals and performance indicators have been introduced as tools for measuring the
progress of the nuclear industry in striving for excellence and as targets which will eventually
be, or in some cases have already been, achieved.

The safety principles formulated by INSAG stress the importance of "safety culture"
within an organization [6, 7]. Safety culture is that set of characteristics and attitudes in
organizations and individuals which ensures that, as an overriding priority, nuclear plant
safety issues receive the attention warranted by their significance [8]. Without safety culture
the benefits of safe design and of safety analysis would be diminished. The concept of safety
culture has been introduced and is widely implemented in all activities related to nuclear
power plant operation so that the performance of tasks related to safety is at a level of
competence and dedication above and beyond simple conformance with good practice.

International co-operation and exchange of information is important to the work on
improving safety and is organized worldwide not only by such international organizations as
the IAEA, NEA or World Association of Nuclear Operators (WANO) but also by national
organizations. The belief that "an accident anywhere is an accident everywhere", which is
shared by the whole nuclear community, is one of the reasons for assisting other countries
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in nuclear safety improvements. In a more formal way this principle of mutual assistance is
codified in the Convention on Nuclear Safety, which entered into force in October 1996.

Provision of peer reviews and advisory services by international experts organized by
IAEA and WANO has proved to be an important mechanism in using all nuclear safety
experience which is presently available on a worldwide basis. These reviews serve to assess
plant management practices and operational programmes, and to identify any shortcomings
which could give rise to safety problems. The recommendations and conclusions resulting
from these safety reviews have been used in several countries for establishing the extent and
sequence of safety improvement work in nuclear power plants.

In recent years, in the light of the conceptual similarities between nuclear safety and
radiation protection principles, there has been an effort internationally to develop a common
and coherent framework. The new International Basic Safety Standards for Protection against
Ionizing Radiation and for the Safety of Radiation Sources which were adopted formally in
1994 reflect this convergence [9].

The next section presents in more detail past experience with accidents in nuclear fuel
cycles and the achievements in terms of safety.

2.13. Radioactive waste disposal

The question of the safe disposal of radioactive waste, particularly as regards the need
to protect humans and the environment in the far future, progressively emerged in the late
1970s and early 1980s in all countries engaged in nuclear power production and/or using
radioactive materials for medical, industrial or research purposes. At present, only limited
practical experience is available worldwide, and because of the relative lack of urgency in
disposing of the existing wastes, most advancements remain still at the research and
development level. Over the years, significant progress has been achieved in developing
radioactive waste disposal systems, safety assessment methods to evaluate their potential long
term radiological impacts and the ethical considerations on which acceptable waste disposal
concepts should be based.

The main objective of radwaste-management as presented in the IAEA Radioactive
Waste Safety Standards (RADWASS) programme [10] is to deal with radwaste in a manner
that protects human health and the environment now and in the future without imposing
undue burden on future generations.

Here again the evolution of concepts and principles results from an effort to build a
common approach at the international level under the auspices of the OECD Nuclear Energy
Agency (OECD/NEA), the IAEA and the European Commission (EC). This will be
formalized by a future safety convention on radioactive waste.
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2.2. IMPACT OF NUCLEAR ACCIDENTS

The nuclear industry, like other industrial and technological activities, is confronted
with the potential occurrence of more or less severe accidents which may affect not only the
workers involved, but also the general public. Accidents can occur in most fuel cycle
facilities, such as plants for conversion, enrichment, fuel fabrication, nuclear power
generation, reprocessing, waste management and storage as well as in the transportation of
radioactive material. Depending on the kind of plant and process involved, event sequences
and the amounts and kinds of radioactive materials affected can vary considerably. Of
predominant concern, of course, are those accidents which result in enhanced radiation
exposure of plant personnel or the public either through external radiation or from
incorporation of released radioactive material, or which lead to significant contamination of
the environment. Preventing accidents in nuclear power reactors is of special concern because
of the possibility of wide dispersion of radioactive materials into the environment with short
and long term impacts on the health of large populations. In comparison with nuclear power
plants, fuel cycle facilities represent a low potential risk.

A review of incidents and accidents involving radioactive substances reveals that all
the accidents which had significant radiological consequences occurred in military type
facilities, except for the Chernobyl reactor accident which will be considered in more detail
below. Other civilian facilities also experienced accidents, but the principles of defence in
depth and other nuclear safety principles implemented in those plants have proven to be
sufficient to prevent any large scale spread of radioactive substances. Accidents in the military
domain will not be considered here but only those which occurred in commercial nuclear
facilities which form part of the nuclear fuel cycle for electricity production.

Although safety in nuclear fuel cycle facilities was a prominent issue from the start
of nuclear electricity production, substantial improvements have been achieved because:

commercial nuclear power plants have been subject to strict regulatory control and the
principles of nuclear safety were recognized as being of the utmost importance,
there was a steady development in safety analysis, design and practices, including
back fitting measures to existing plants and the introduction of advanced safety
features in newly constructed plants,
safety philosophy and safety requirements have developed substantially in the course
of time, in all countries, and especially in the countries of the former USSR following
the Chernobyl accident.

2.2.1. Nuclear fuel facilities other than power plants

A short overview of accidents with radiological significance in nuclear fuel cycle
facilities other than power plants is given in the following paragraphs. The compilation has
been extracted from an IAEA document [11] by selecting only accidents which occurred in
commercial plants and which had at least some relevant radiological consequences to plant
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Table L ACCIDENTS IN THE PAST WITH SIGNIFICANT RADIOLOGICAL CONSEQUENCES
IN NUCLEAR FUEL CYCLE FACILITIES OTHER THAN POWER PLANTS

1

2

3

4

5

6

7

8

9

10

Date

1970.08.24

1973.09.26

1977.09.02

1977.11.26

1978.02.03

1979.03.15

1981.01.06

1983.11.13

1987.01.19

1993.12.27

Location

Windscale

Windscale

La Hague

La Hague

La Hague

Sellafield

La Hague

Sellafield

Sellafield

Tokai

Brief event description

Criticality, 20 mSv for 1 worker, 10 mSv for another

Release of Ru-106, 1.5 Mfiq inhaled by a worker

Overflow of high level waste, contamination of soil, dose
rate of 0.01 Gy/h

Leakage of PuO2, air contamination of 2000 MPC.h
(maximum permissible concentration)

Contamination, low dose exposure to personnel

Leakage of radioactive liquid, 6 Gy/h on the ground

Fire, release of approximately 2.2 x 1010Bq of Cs-137

Release of radioactive liquid (4.5 x 1013 Bq of Ru-106) to
the sea

Leakage of plutonium, 12 workers contaminated

Leakage of plutonium, effective dose of 90 mSv for 1
worker

Conversion plants

1

2

3

Date

1977.07.02

1986.01.04

1990.08.22

Location

Pierrelatte

Sequoyah

Sequoyah

Brief event description

Release of 7106 kg of UF6 to the atmosphere

Release of UF6 related to a 14 t cylinder rupture,
contamination of environment

Seepage of uranium contaminated water into an excavation

Fuel fabrication plants

1

Date

1992.11.23

Location

Dessel

Brief event description

Contamination by malfunction, effective dose for 1 worker
well below 50 mSv

210



KEY ISSUE PAPER No. 4

0.014

1960 1965 1970 1975 1980 1985 1990 1995 2000
Years

FIG. 3. Accidents in the past with significant radiological consequences
in commercial nuclear fuel cycle facilities.

personnel, the public or the environment. The time period from about 1960 up to now is
considered. The various accidents are listed in Table I together with information on the type
of plant and the date of the event and a brief description of impacts. It should be noted that
for some events there is inevitably some uncertainty in the assessment of the radiological
significance of the accident but even with this limitation the occurrence of such accidents
when normalized to the worldwide nuclear electricity production very clearly shows
substantial safety improvements over time. This can be seen from Fig. 3, which displays the
development in time of the annual worldwide nuclear electricity production expressed in
TW.h and the ratio between the number of accidents with radiological significance that
occurred in a given year and the nuclear electric energy production of that year.

The accidents normalized in this way are displayed separately for reprocessing,
conversion and fuel fabrication plants. This clearly shows the substantial safety improvements
which have been achieved so far.

hi comparison with the severe accidents which have occurred in military nuclear
facilities or in nuclear power plants, the events in other commercial nuclear facilities which
are presented in Table I had at the most only minor radiological impacts [11].

2.2.2. Nuclear power plants

Concerning nuclear power, plants, there have been a.number of incidents with no or
quite limited radiological significance and two major accidents, one in Qiemobyl, with very
large radiological consequences, and another in Three Mile Island, with limited outside
radiological consequences. Since 1990 the use of the International Nuclear Event Scale
(INES) has made possible a comparison of different events in various nuclear installations and
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has provided information to the public [12]. The INES scale permits classification of
incidents and accidents into 7 severity levels according to their significance to the plant itself
and/or with respect to off-site radiological consequences. In the years from 1990 to 1996
there have been 247 incidents worldwide in nuclear facilities reported to the newly introduced
INES system and ranked according to the defined severity levels. All of these resulted in no
or at most negligible public exposure and fell into the 3 lowest levels of the scale. The total
number of 247 incidents has to be seen in relation to the about 2500 reactor-years of
operation of nuclear installations.

The two major accidents mentioned above have been ranked in the INES scale as
follows:

The 1979 accident at the Three Mile Island nucleat power plant in the USA resulted
in a severely damaged core, but the off-site release of radioactivity was very limited
because of the containment and no health effects on the public were noted. The event
is classified as Level 5, on the basis of the on-site impact.
The 1986 accident at the Chernobyl nuclear power plant in the former USSR had
widespread environmental and human health effects. As a result of a power instability
and the specific features of the RBMK reactors, Unit 4 was completely destroyed and
over a period of about 10 days large quantities of radioactive materials were released
into the environment and significantly contaminated large surrounding areas and to a
lesser extent the whole northern hemisphere. There were, in addition to the three
immediate deaths during the accident, 134 cases of acute radiation syndrome among
the exposed workers and 28 of them died. About 200 000 "liquidators" participated
directly in the cleaning up of the destroyed reactor and the most contaminated
territories around Chernobyl in the 1986-1987 period. They received average doses of
the order of 100 mSv, a few percent receiving doses greater than 500 mSv. By mid-
August 1986, 116 000 members of the public had been evacuated and an "exclusion
zone" covering 4300 km2 around the plant established. To date, the only clear
evidence of later health effects is the increase in the incidence of thyroid cancers,
mostly of a non-life-threatening type, among those individuals who were children at
the time of the accident. By the end of 1995, about 800 new cases of thyroid cancers
had been detected. Beyond the health consequences, the accident had also significant
psychological consequences as well as social, economic, institutional and political
impacts which are still affecting the living conditions of a large fraction of the
population [13]. The accident is accordingly classified at level 7 on the INES scale.

Improvements in the safety record of nuclear power plants have been achieved in the
course of time but it is worth noting that there have been and still are in operation some
power reactors which differ substantially in design and safety performance from the
predominant light and heavy water reactors. For instance, the actual record of operation of
the light and heavy water moderated reactors which provide 88% of the world nuclear power
is close to the target set by INSAG that the likelihood of occurrence of severe core damage
be below once in 10 000 reactor-years of operation [6]. No accidents with significant off-site
consequences have ever occurred in these plants. On the other hand, reactors of the RBMK
type, which suffered the only severe accident with large scale off-site consequences, are no
longer built and the existing plants with reactors of this type are presently undergoing a
process of safety improvement.
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The design of nuclear power plants has undergone a more or less continuous process
of development and refinement over the 35 years or so of <x>mmercial nuclear application.
While in the beginning it was [in some countries] sufficient to provide operational systems
of high reliability and resistance to failure, later on active systems were found to be
necessary, with rigorous requirements for redundancy, diversity, fail-safe characteristics, etc.
The new generation of nuclear power plants includes more and more passive safety systems
and inherent safety features. Worldwide, the process of improving the safety performance of
existing nuclear power plants is continuing as is the development of new generations of plants
with significantly improved safety features. The general goal is to farther reduce the
probability of accidents leading to severe core damage and to limit the consequences of such
accidents to the plant itself.

2.23. Transportation of radioactive materials

Transportation of radioactive materials is vital to the operation of fuel cycle facilities.
The transport of radioactive materials with very high activity contents, such as spent fuel or
high level vitrified waste, are of particular public concern. Since the development of the
IAEA Regulations for the Safe Transport of Radioactive Material [14] more than 30 years
ago, there have been no accidents with releases of radioactive contents which resulted in any
significant radiation exposure of persons. For shipments of high level radioactive material,
the requirements of the Regulations regarding the performance of packages in severe accidents
are so high that the risk associated with such transport is very low. Nevertheless, safety
improvements are continuously implemented in this important domain. The 1996 revision of
the IAEA Transport Regulations is a further step in raising the required safety levels.

2 3 . PLUTONIUM AND OTHER ACITNIDES

Among important current issues related to the health and environmental impacts of the
nuclear fuel cycles, plutonium and other actinides are of special concern. For many reasons,
linked to their physical, chemical, radiological and toxicological characteristics, but also to
the specific role of plutonium in the atomic weapon domain, there has been a great deal of
public concern about these elements. Although the characteristics of each actinide and its
isotopes (half-life, type of radiation, radiotoxicity, specific activity) are different and pose
different requirements for detection, handling and radiation risk management, it is useful to
draw a general picture of the key problems raised by the existence of actinides, and
particularly plutonium, in the various nuclear fuel cycles to clarify the real protection and
safety challenges. (For a more detailed presentation of the inventory of plutonium and other
actinides, see Key Issue Paper No. 1 [15]).

It is worth mentioning first that uranium and thorium, and much smaller amounts of
plutonium, have been present in the environment since the earth's beginning, 5 billion years
ago. Human-made plutonium was first produced in the 1940s, and since then this human-made
plutonium has been widely dispersed in the environment, primarily as a result of nuclear
weapons testing and to a lesser extent, owing to fuel reprocessing. Atmospheric nuclear
weapon testing contributes 95% of the total collective dose from all sources of human-made
environmental exposures [1]. Only a very small fraction (-1%) of the dose commitment from
atmospheric nuclear testing is due to plutonium.
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PRINCIPAL RADIOLOGICAL CHARACTERISTICS OF PLUTONIUM ISOTOPES COMPARED TO

THOSE OF OTHER RADIONUCLIDES [16]

Isotope

H-3
C-14
Sr-90
1-129
Cs-137
Th-232
U-235
U-238
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241

Half-life
(years)

12.3
5700

28
17*106

30
1.4x10'°
7.1xlO8

4.5 *109

87.8
24 100
6540
14.4

376 000
432

Specific activity
(Bq/g)

3.6xlOM

1.7x10"
5.3xl012

6.2xlO6

3.2xl012

4.1xlO3

7.9x10"
1.2x10"

6.3x10"
2.3xlO9

8.4 xlO9

3.8xlO12

1.5xlO8

1.3x10"

Inhalation effective
dose conversion
factor (Sv/Bq)

1.8xl0;"
5.6xlO10

7.7xlO8

5.1X10"8

6.7xlO"9

1.2xlO5

6-lxlO-6

5.7X10"6

LlxlO"5

8.3xlO-6

8.3xl06

8.4xlO-8

7.7x10-*
2.7xlO"5

Dose per
inhaled mass

(Sv/g)

6480
95

4.1xlO5

0.3
2.1x10"

0.05
0.48
0.07

6.9xlO6

1.9x10"
7x10"

3.2xl05

1150
3.5xl06

Actinides which are found in nuclear fuels are primarily alpha emitters. Although
alpha particles represent only a small hazard as an external source of radiation, they are of
major concern if actinides are incorporated into the body by inhalation, ingestion or through
open wounds.

In general, plutonium and other actinides are far more hazardous if inhaled than if
ingested and inhalation of radioactive aerosols is the main pathway for internal exposure of
workers in the nuclear industry. Nevertheless, owing to the precautions taken in handling
plutonium, internal exposure contributes only a small fraction of the total occupational
exposure in nuclear fuel cycle facilities.

In order to illustrate their potential radiotoxicity, the principal radioactive
characteristics of plutonium isotopes are compared to those of other radionuclides in Table
II.

As may be seen in Table II, the radiotoxicity of the plutonium isotopes, expressed in
terms of dose per unit mass inhaled, is comparable to that of strontiurn-90, respectively one
and two orders of magnitude above that of caesium-137 and tritium, and much greater than
the radiotoxicity of nuclides of longer half-life.
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Concerning external exposure, low and medium energy gamma emissions (mainly due
to Pu-241 decay products) are the major contributors to the external exposure of personnel
engaged in mixed oxide (MOX) fuel fabrication, and special attention has to be paid to
emissiens of Am-241 produced by Pu-241. Nevertheless, in addition to An>241, one must not
forget the gamma emissions from some Pu decay products which may represent the major
source of external exposure once lower energy gamma emissions have been attenuated by
shielding.

In normal operation, the radiological impacts of the nuclear fuel cycle are mainly due
to radon emissions during mining and milling operations and to the fission and activation
products resulting from electricity generation and fuel reprocessing. Plutonium is nowhere on
the front line of the impacts as long as the facilities handling large inventories of plutonium
implement the required design provisions to minimize the exposure hazards by confinement
and shielding. Nevertheless, owing to its large radiotoxicity, there is a potential risk in the
event of accidents with plutonium dispersion, in particular in the event of fire. These kinds
of accidents can occur at the electricity production stage (reactor accident), during the
transportation of material containing plutonium or in fuel fabrication and reprocessing
facilities. For direct underground disposal of spent fuel, another type of accident could be
linked to human intrusions.

2.4. LONG TERM AND GLOBAL CONSEQUENCES

The most challenging aspect of the consequences on health and environment of nuclear
fuel facilities is undoubtedly the spread in space and time. For most radionuclides released
from the nuclear facilities, dispersion in the environment is essentially limited to local or
regional areas. However, there are a few radionuclides that may become widely dispersed
throughout the global atmosphere and oceans. Most radionuclides have relatively short half-
lives and consequently do not remain a potential hazard for the population very long. Some
of them, however, remain active for thousands or even millions of years.

Any attempt to evaluate these impacts raises theoretical issues related to the validity
of the quantitative assessment of future risks and also to the ethical position adopted towards
future generations. From a practical point of view, a responsible attitude implies use in the
best way of the information available about the possible consequences of present actions even
if this information reflects limited knowledge.

The difficulty is reinforced by the fact that according to the type of fuel cycle a set
of different radionuclides with different impacts in time and space have to be taken into
account. The range of impacts depends on the way the radionuclides are dispersed into the
environment during operation of the facilities or concentrated and confined in the form of
solid wastes, the type of disposal site for these wastes as well as the design of the disposal
facility, which will play a key role in reducing the quantities to be released indirectly in the
future for the very long lived radionuclides. Taking account of all these parameters is not an
easy task.
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2.4.1. Impacts assessment

In view of the complexnature of the future consequences of waste management
options, evaluation involves expressing the impacts in terms of indicators which take into
account the time during which radionuclides remain in the environment and their local,
regional or worldwide dispersion. One way to evaluate health effects is to use the concept
of collective dose, which assumes that even very small increments of radiation lead to
potential health effects among exposed populations. This makes it possible to express the
impact on populations in space and time whatever the level of individual exposures. Three
types of arguments have been raised against the use of collective dose to assess the impact
of waste management options:

The summation over very large populations of extremely low individual doses leads
inevitably to significant collective doses;
The assumption of a linear, no threshold, dose-effect relationship for extremely low
doses for assessing the corresponding potential health impact is questionable;
The existence of uncertainties which increase with time weakens the significance of
estimates of impacts in the far future.

These criticisms are valid; however, no responsible decision making process on waste
management options can avoid taking into account, for each option, the magnitude of the
release of radionuclides into the environment, the length of the period during which these
radionuclides remain a source of exposure and the extent to which they are dispersed
geographically, i.e.the size of the exposed population.

In view of these difficulties, the evaluation of impacts can be carried out either
qualitatively, by describing in the most detailed way the various aspects presented above, or
quantitatively. If the quantitative approach is adopted it has to rely on the best present
scientific knowledge concerning the various mechanisms involved in the dispersion of
radionuclides in the environment and the resulting exposure of human beings, as well as best
guesses about the behaviour and size of future generations. So far, the use of the individual
dose concept remains the most appropriate performance indicator to assess if any waste
management option is likely to put humans at risk (deterministic effects). The collective dose
concept can be used to determine whether these options have a significant impact on public
health (stochastic effects).

2.4.2. Time and space dimensions

The major difficulty associated with the analysis of long term consequences is to
determine the relevant temporal and spatial scales. The space dimension is generally taken
into account by defining the population potentially affected - either local (reference groups
from a few people to a few hundred around the facilities) or regional or perhaps even
worldwide. As regards the time dimension, the principal parameter is the radioactive decay
time of the radionuclide.
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Figure 4 shows, as illustration, the time scales which can be reasonably envisaged for
direct releases into the environment and those associated with near surface and underground
disposal, according to present knowledge and expert opinion. It does not involve any
consideration of the associated exposures.

The first set of releases is due to nuclear energy production (a period of 60 years is
assumed). After this period, direct releases from nuclear facilities cease but some of them will
continue to cause exposure of the population.

The first delayed releases are due to low and intermediate level waste kept in surface
disposal. The releases start quite early with tritium (H-3). For the other radionuclides, releases
occur only after several hundreds of years and become very low after a few tens of thousands
of years.

hi the case of underground disposal, there are no significant releases before a few
thousand years, but on the other hand releases of transuranium elements still exist after
100 000 years. In view of the time scale considered for these releases, a problem arises in
connection with possible changes in the environment, for example a hypothetical glaciation.
For the purposes of evaluating the potential impacts of large disturbances of waste disposal
sites, a generally accepted approach is to simulate events which have a reasonable probability
of occurrence in the light of past experience.

The concept of generations introduced in Fig. 4 indicates the number of generations
concerned for a time scale (for example: 300 generations for releases lasting 10 000 years).

These general considerations must be kept in mind in the analysis of the results of
studies related to the long term and global consequences of nuclear fuel cycles. It should be
noted that similar considerations should be also taken into account when dealing with the long
term consequences of energy systems other than the nuclear fuel cycle.
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3. IMPACTS OF VARIOUS NUCLEAR FUEL CYCLES

It is beyond the scope of this paper to give a detailed presentation of the health and
environmental impacts of existing and possible nuclear fuel cycles. The following
developments are just an attempt to put into perspective the key health and environmental
impacts related to the normal operation of three fuel cycles considered as representative of
existing practices or reasonably expected to be implemented in a not too distant future.

The results presented below summarize the present state of development of the
assessment studies related to the impact of the nuclear fuel cycles. They rely heavily on the
findings of the " ExternE Study " [2] performed recently for title European Commission with
the objective of evaluating the so-called external costs of different energy systems. This study
is in fact the most recent of a series that started in the mid-1970s aiming at assessing the
health and environmental impacts of energy systems, including nuclear. The first studies were
an attempt to rank in terms of potential health impacts the main energy sources: coal, oil,
nuclear and alternatives. As the assessment techniques at that time were still in an early
development phase and the methodology for comparing large technological systems was not
well established, the results of these studies were sharply criticized. A second series of studies
took place in the late 1980s in connection with the emergence of the climate change issue and
the role of CO2 and the attempt to re-evaluate the impacts of the nuclear fuel cycle in the
light of the Chernobyl accident. In view of the controversial nature of their results, relying
largely on previous work, these new studies gave national and international organizations an
incentive to launch new research programmes to reassess the various impacts on the basis of
the most advanced methods and models.

Whatever the degree of sophistication of the assessment studies, it is important to keep
in mind that they are based on the actual state of knowledge. A large portion of the
evaluations still rely on assumptions made in the absence of firm scientific evidence about
the real impacts. The following chapter must also rely on assumptions which sometimes
substitute for hard data about the various fuel cycles that are analyzed.

3.1. PRESENTATION OF THE FUEL CYCLES

Figure 5 presents schematically the three nuclear fuel cycles selected as important in
the near future. These cycles have been designed on the basis of an electricity production of
400 TW.h per year. For instance, this corresponds roughly to the French situation with an
installed capacity of 60 GW(e). The sites chosen to assess the impacts of the different stages
of these fuel cycles correspond to existing sites, except for high level waste (HLW)/spent fuel
disposal where a hypothetical geological deep disposal site is considered. Moreover, the
transportation of radioactive materials between the sites has also been taken into account.

The first, and most simple, fuel cycle is the once-through cycle (OTFC). In this cycle,
all the fissile material is extracted from the mine, then the uranium is enriched after an
intermediate stage of conversion. The enrichment produces a large amount of depleted
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uranium (stored) and the quantity of enriched uranium necessary for the fabrication of the fuel
in the form of uranium oxide (UOX) to be burnt in pressurized water reactors (PWRs). In
this cycle, the spent fuel is assumed to be sent to geological disposal (no reprocessing).

In the second fuel cycle, the UOX spent fuel is reprocessed and the plutonium
extracted is recycled together with depleted uranium in mixed oxide fuel (MOX). The MOX
fuel is assumed in this scenario to be used in 47% of PWRs, in which MOX assemblies
represent 1/3 of the core, the rest being UOX assemblies. The MOX irradiated assemblies are
not reprocessed but assumed to be sent to geological underground disposal. The high level
waste from reprocessing is sent to geological underground disposal. The use of MOX fuel
leads to a decrease in the amount of uranium mined and enriched.

The third fuel cycle is a combination of PWRs using UOX, PWRs using MOX and
fast breeder reactors (FRs) using recycled plutonium as fissile material. In this hypothetical
cycle, all the different spent fuels are reprocessed. Plutonium recovered from discharged UOX
fuel is assumed to be recycled as MOX fuel for one irradiation cycle in PWRs. Plutonium
recovered from irradiated PWR-MOX fuel is used as start-up and make-up plutonium for a
FR. The quantities shown in Fig. 5 for the FR were calculated assuming an equilibrium FR
fuel cycle [23].

3.2. OCCUPATIONAL EXPOSURE

The total occupational exposures for the three fuel cycles have been calculated using
the most recent data for each stage of the cycles and are, in most cases, the average values
based on two to five years of dosimetric records [2]. It is worth noting that, owing to the lack
of complete information on the occupational exposures in different kinds of reactors (PWRs
with UOX, PWRs with MOX and FRs), it is assumed that the collective occupational dose
per unit of electricity produced is the same for the three types of nuclear power plants. The
estimated total occupational collective doses for an electricity production of 400 TW.h are
presented in Table III.

Table III. RADIOLOGICAL OCCUPATIONAL COLLECTIVE DOSES OF THE THREE FUEL CYCLES (PER

4 0 0 TW.h) EXCLUDING RADIOACTIVE WASTE DISPOSAL

OTFC

MOX

MOX-FR

Occupational
exposure

153 tnan.Sv

147man.Sv

139 man.Sv

Main contributors

Reactors 69%; mining/milling 29%

Reactors 72%; mining/milling 26%

Reactors 76%; mining/milling 22%
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All these values, which are not significantly different, are dominated by the reactor
occupational exposure, from 69% in the case of the OTFC to 76% for MOX-FR. The second
significant stage is mining and milling, with a collective dose of from 29% (OTFQ to 22%
(MOX-FR) of the total exposure. The other operational doses are negligible compared to these
two stages. The only stage with a contribution larger than 1% is fuel fabrication (around
1.5%). The slight reduction in collective exposure with MOX and MOX-FR is due to the
reduction in the contribution of the mining and milling stage as a result of the increase of fuel
recycling. As far as individual doses are concerned, average annual values range from 0.1 to
6 mSv according to the type of facility [1]. The variation of individual doses within a given
installation can be significant, with individual doses reaching a few tens of millisieverts.
However, a limited number of workers (at the most a few per cent of the total workforce) are
involved.

Apart from radiological exposure, there are other occupational risks resulting mainly
from work accidents. These risks can be evaluated on the basis of the workforce at each stage
of a fuel cycle and national statistics in the industrial activity sector considered. These kinds
of risks are not expected to be significantly different from one cycle to another.

3.3. PUBLIC EXPOSURE RESULTING FROM DIRECT RELEASES

The main radiological impacts resulting from direct operational releases from fuel
cycle facilities into the environment are presented in Tables TV and V in terms of collective
doses for local (0-100 km), regional (100-1000 km) and global populations, as well as for
medium (0-100 years) and long term (above 100 years) periods. The values shown have been
calculated with classical environmental dispersion models based mainly on real recent average
release data from existing facilities [2]. Some specific assumptions must be noted:

Mning and milling: it is assumed that mill tailings are disposed of in old mines, that
the tailings are covered to prevent gaseous releases and that, after the closure of the
mine, no emissions from the mill tailings occur (the radon source term used is taken
from UNSCEAR [1].
Electricity generation: owing to the lack of detailed information on the radioactive
releases from different kinds of reactors (PWRs with UOX, PWRs with MOX and
FRs), it is assumed that the releases per unit of electricity produced are the same for
the three reactors. This assumption is conservative for FRs because their releases are
lower than those from PWRs (a factor 10 for certain radionuclides). Nevertheless, in
the third cycle, as the FR represents only 20% of the electricity production, this
conservative assumption has no major influence on the final results. Moreover, for the
three cycles, the location of the reactor is assumed to be the same.
Reprocessing: it is assumed that the normalized releases from reprocessing are the
same for the three kinds of fuel.

33.1 . Impacts on present generations

The present generations have been defined as the population living within the next 100
years. The collective exposures, expressed in man-sievert (man.Sv), for this time period
corresponding to one year of electricity production (400 TW.h) are presented in Table IV
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together with the main contributing releases. For the three cycles analyzed, the total medium
term collective dose to the public varies from about 130 man.Sv for the OTFC to around
300 man.Sv for the two other cycles. The difference is due mainly to releases associated with
reprocessing. The main differences between the cycles are in the global dose: from 57 man.Sv
for the OTFC to 220 man.Sv for the other cycles. These global doses are induced by the
dispersion at the global scale of radionuclides such as C-14, Kr-85 and 1-129, released mainly
by reprocessing plaits but also by reactors (except 1-129) [2]. The introduction of
reprocessing in the last two cycles increases the emissions of these radionuclides and
therefore the associated global collective exposures in the short and medium run for the
three fuel cycles. The order of magnitude of the global impact is in the range of 60 to 220
man.Sv, i.e. 10 millions lower than the collective exposure due to natural radioactive
background.

For the local population, the collective exposure varies from 34 to 23 man.Sv and
is mainly (>97%) due to radon emissions from mining/milling operations. On a regional
scale, the main contributor remains radon. The releases from reprocessing can reach 1/3
of the total regional exposure (MOX and MOX-FR) and those from the reactor stage
approximately 12% of the total regional collective dose for the MOX and MOX-FR
cycles. The impacts of the releases from the others stages of the fuel cycles are negligible.

Finally, it is important to note that maximum individual doses to the public living
near nuclear facilities (reference groups) range from 1 to 20 jiSv per year. Doses up to a
few millisieverts per year can be reached for the public living close to mining and milling
sites [2]. These values have to be compared with the natural background average dose of
about 2.4 mSv/a. Thus, the introduction of reprocessing causes a transfer of risk by
reducing the radiation loads on the most exposed members of the public living next to
uranium mines and increasing slightly exposures all over the world.

3.3.2. Impacts on future generations

In this section, the analysis is based on the impact of the production of 400 TW.h
using the three fuel cycles. The impacts are expressed as the global collective doses
integrated over the 100-100 000 year time period. The local and regional collective
exposures are negligible. The global impact includes all exposures from effluents released
by reactors and other fuel cycle installations. The impact of waste disposal is presented
in §3.4. It is important to note that the selected integration time of 100 000 years is longer
than the 10 000 years usually adopted but has been selected so as to take into account
most of the impacts.
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Table IV. MEDIUM TERM RADIOLOGICAL PUBLIC COLLECTIVE DOSES DUE TO THE RADIOACTIVE

DIRECT RELEASES OF THE THREE FUEL CYCLES (400 T W . h ) EXCLUDING RADIOACTIVE

WASTE DISPOSAL

OTFC

MOX

MOX-FR

Present generations
(0-100 a)

Local: 34 man.Sv

Regional: 43 man.Sv

Local: 29 man.Sv

Regional: 66 man.Sv

Local: 23 man.Sv

Regional: 60 man.Sv

Main contributors

- Rn-222 from mining/milling

- Rn-222 from mining/milling

- Rn-222 from mining/milling

- Rn-222 from mining /milling;
- radioactive releases from reprocessing
and reactors

- Rn-222 from mining/milling

- Rn-222 from mining /milling;
- radioactive releases from reprocessing
and reactors

Local: 0-100 km, population: according to the site; regional: 100-1000 km, population:
Western Europe ~ 350.106 people;

The global collective dose is induced mainly by the dispersion of two long lived
radionuclides, C-14 (period 5700 years) and 1-129 (period 17 million years), released by
reprocessing facilities and reactors (except I-129) [2]. For the OTFC, which is the only
cycle without reprocessing, the global collective dose is associated with C-14 releases
from reactors and is around 650 man.Sv. For the two other cycles, the collective doses
reach approximately 4000 man.Sv, and are also due mainly to C-14 (97%). It has to be
remembered that the corresponding maximum average individual dose is extremely low,
i.e. less than 10'6 mSv/y, which is negligible in terms of individual risk. This value can
be compared with the average individual dose of 1.2 xlO2 mSv/y due to naturally
occurring C-14 [1].
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exposure from about 4000 man.Sv to 800 man.Sv (MOX cycle). It is nevertheless important
to add that this land of practice increases the volume and the activity of solid waste to be
disposed of (see section on waste disposal). Note also that this technology leads to a reduction
by a factor of 3 of the global medium term collective exposure (from 220 man.Sv to around
70 man.Sv).

In the three reference fuel cycles there are potential environmental releases from mill
tailings and from depleted uranium not stored at enrichment plants. The present analysis
considers collective doses resulting from environmental releases of radon-222 (3,8 days half-
life) from mill tailings during the operational period. It is assumed that after the operational
period a close-out strategy prevents further gaseous releases from mill tailings. Abandoning
mill tailings piles without reliable cover could lead to radon emissions during very long time
periods. According to the 1993 UNSCEAR data, the estimated collective dose from
abandoned tailings could, in the absence of effective cover and depending on the fuel cycle
considered, reach 5000 to 7000 man.Sv for an integration time of 10 000 years (local and
regional population). Moreover, there would remain in the mill tailings many radionuclides,
existing in natural uranium ore, that could contribute to long term releases to the environment
if the cover cannot be relied on to prevent water intrusion into the tailings piles.

Depleted uranium, if left stored on the surface and if not used as reactor fuel, is
another potential source of long term collective dose. Initially, the depleted uranium, which
contains about 0.23% U-235, has no Th-230 or Ra-226. These species build up slowly, with
an effective time constant of about 105 years, from the decay of U-234 and U-238. Pa-231
from U-235 decay can also build up slowly with a time constant of about 5x 104 years. During
the first few hundred years the potential collective doses from depleted uranium are less than
those from mill tailings. At later time, the depleted uranium collective doses could become
greater than those of mill tailings because of the greater amounts of uranium in depleted
uranium. These results suggest that greater attention be given to the long term problems of
remediating the surface storage of mill tailings and depleted uranium. Without such
remediation, collective doses from mill tailings and depleted uranium can dominate the fuel
cycle collective doses. Nevertheless, neither the individual or collective doses will become
a health concern for the population.

3.4. IMPACT OF WASTE DISPOSAL

Each of the nuclear fuel cycle stages produces radioactive waste, in liquid, gaseous
or solid form. The methods of managing this radioactive waste can vary considerably from
one installation to another, with the choice of a waste management option depending mainly
on the characteristics of the waste being considered. The waste produced is made up of a
group of radionuclides each having its own particular characteristics, both in terms of
chemical and physical properties: radioactive half-life, mode of disintegration, environmental
behaviour, chemical form, radiological impact. Most of the waste undergoes an initial
processing phase. This processing can differ considerably depending on the radionuclide
concerned: it may be partially eliminated through radioactive decay or various physical and
chemical processes.
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Table V ROLE OF DECAY, DELAY AND DISPERSION FOR GEOLOGICAL DISPOSAL IN GRANITE

I-129(17xl06a)
Tc-99(212 000a)
Cs-135 (3xlO6 a)
C-14 (5730 a)
Acfinides
Pu-239 (24 400 a)
Pu-242 (379 000 a)
Pa-231 (32 500 a)

Delay (a)
1 000 a

100 000 a
10 000 a
1 000 a

100 000 a
100 000 a
200 000 a

Decay
Negligible

Intermediate
Negligible

Yes

Intermediate
Intermediate

Irrelevant

Dispersion
Strong
Strong
Strong
Strong

Weak
Weak
Weak

The waste which is not released into the environment is immobilized before disposal
(concentration/confining principle). This disposal can be envisaged either as near-surface for
low or medium level waste, or deep underground for higher level waste. The radioactivity
contained in the confined waste is held for a period which can stretch from hundreds to
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thousands of years, during which time a large part of the activity is eliminated through
radioactive decay. Then, following this retention phase, there is a gradual release into the
biosphere of the remaining radionuclides (delayed dilution/dispersion), usually through
underground water.

For underground high level waste disposal, the retention phase depends on the type
of geological site (granite, clay, salt, tuff) and on the radionuclide. Table V illustrates, for
some of the radionuclides most important in terms of radiological impact, the influence of
radioactive decay, delay between storage and beginning of the dispersion and rate of transport
into the environment, based on the assumptions adopted in the Everest study for granite [17].

Since at present no complete and detailed assessment of the impacts of radioactive
waste related to the different fuel cycles is available, it is not possible to give a clear picture
of the differential impact of the three selected fuel cycles.

The order of magnitude of the radiological impacts associated with waste disposal is
illustrated in Fig. 6 for underground disposal of waste from the reprocessing of UOX spent
fuel. The findings presented are taken from the Everest study concerning underground
disposal in granite formations [17]. This study assesses in terms of individual doses the
radiological impacts of releases in a reference biosphere, for a hypothetical granite site. The
stored waste stems from the reprocessing of 100 000 tons of fuel and is made up of high level
vitrified waste and medium level waste (hulls and caps). The scenarios considered are on the
one hand the normal evolution of disposal and on the other hand human intrusion scenarios.
No collective dose assessment has been made in the framework of the Everest project.
Nevertheless the global dose can be estimated for C-14 and 1-129 by taking into account the
percentage of the activity which was initially contained and subsequently released after the
retention period: 3% of the C-14 and 100% of 1-129 [17]. The associated global collective
exposure is around 6300 man.Sv. It is important to note that C-14 is not necessarily retained
if the rock is unsaturated.

It is important to point out that the Everest study also relates to the disposal of waste
in clay formations. The assessments made in this case leads to findings in terms of
radiological impacts for normal evolution scenarios which are lower by about two orders of
magnitude on the average than the impacts related to the granite site. These doses are
moreover deferred over time by one order of magnitude.

The time distribution of the individual exposure for the normal evolution scenario is
presented in Fig. 6. It is interesting to note that the maximum exposure is due to 1-129
contained in medium activity waste. The peak of 2><10*7 Sv/a is reached 20 000 years after
the beginning of the disposal. Geological disposal does not fully prevent the risk of human
intrusion within the disposal site with the potential for the individuals concerned to receive
higher individual doses. The probabilities of human intrusion are not considered here. The
maximum individual dose linked to human intrusion scenarios on an underground disposal
site is around 2 mSv/a and is also due to 1-129. The human intrusion scenarios considered
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here are the drilling of a well near the disposal site (one at 610 m from high level vitrified
waste and the other at 1230 m from medium level waste). For this type of human intrusion
scenario, the nature of the waste (spent fuel or reprocessing waste) does not significantly
change the final results. The waste radiotoxicity plays a role only in the case of a scenario
based on direct drilling into the waste packages. It should be pointed out that owing to the
delay presented in Table V intrusion doses linked to drilling, near the disposal site are
deferred over a considerable length of time, from several thousand to several millions of
years.

For the direct disposal of spent fuel, the order of magnitude of the individual doses
to the public are not expected to be significantly different from the impacts from disposing
of high level reprocessing waste. Therefore, the impacts on individuals of the three fuel cycles
can be considered to be about the same.

Apart from high level waste disposal, there is significant production of low and
intermediate level wastes which can be disposed of near to the surface. The maximum
individual impacts to the public associated with a surface disposal centre (in normal situation)
are expected to be around 4><10"3 mSv/y during the institutional control period of 300 years
and 8*10~3 mSv/y in the post-closure period supposing unrestricted use of the site. The
impacts of the near surface disposal of the three cycles considered in this study are not
expected to be significantly different.

3.5. OTHER ENVIRONMENTAL IMPACTS

The impacts that result from the nuclear fuel cycle are related mostly to human health.
Some potential environmental impacts can be identified but are not considered to contribute
an important proportion to the total impacts of the cycle. In theory, the methodology on which
the evaluation of the radiological impacts relies may also be used for the assessment of
chemical impacts. The process of identifying chemical source terms and the assessment of the
corresponding public exposures have not reached the same degree of development as is the
case for radiological impacts. Therefore, the inclusion of chemical impacts from the nuclear
fuel cycle would be premature and is not considered in this paper.

3.5.1. Impacts of radiation on fauna and flora

The impact from chronic low levels of ionizing radiation (corresponding to the routine
operation of facilities) can be investigated at the cellular, organism and population levels. The
radiosensitivity of individuals and populations varies between terrestrial and aquatic species
as well as among the various kinds of species. Environmental surveillance is carried out
around nuclear facilities to measure the incremental increase of radionuclides. Under normal
conditions, no environmental impacts have been reported. From the information available and
the lack of observed evidence, it can be concluded that no impacts on species can be detected
from routine releases of radionuclides. In the event of a major accident, where large amount
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of radioactive materials may be released into the environment, there would, of course, be
greater impacts [2].

3.5.2. Release of heated water

The releases of heated water into rivers and the sea have effects on the physical and
chemical characteristics of the water, which in turn affect life-forms dependent on water. The
indicators of damage to aquatic populations and other ecosystems are defined in terms of
species diversity, ecosystem stability, eutrophication, disease and host-parasite relationships
and additive effects on the toxicity of different pollutants. Impacts from the release of heated
water are expected to be quite localized as a result of a relatively rapid dilution in the sea,
estuary or river. It is unlikely that an impact on the health of the total population would be
seen, unless either a large populated territory is impacted or the release occurs in an extremely
sensitive area. Under special conditions, where certain other pollutants already exist, there is
the possibility that the increase in temperature may cause an increase in the toxic effect. This
synergistic situation would be very specific to the site, type of pollutant and the species under
consideration [2].

3.5.3. Land and fresh water use

Very important factors relevant to the environment are the use of land and fresh water
by the nuclear industry. For a correct comparison, one should define a more or less typical
fuel cycle, although in practice the technologies applied in the same sections of the fuel cycles
in France, the UK, Japan, the Russian Federation and other countries differ to a great extent.
Table VI gives an estimation of the provisional and long term land alienation and the total
fresh water use for a typical once-through (open) fuel cycle. Fuel recycling in thermal reactors
reduces the land and fresh water use insignificantly (by about 10-20%) provided that the share
of MOX fuel in the fuel cycle is small compared with the UOX fuel share. The introduction
of a small number of fast reactors into the fuel cycle leads to further economy of land and
water use but the effect is moderate (up to 30%). In the case of multireeycling in a system
with a fast reactor component, the role of the front end of the fuel cycle (mining and milling,
conversion, enrichment) becomes unimportant. Then considerable land and water resources
can be saved. In the near perspective it is doubtful that the choice of the fuel cycle type will
be affected by arguments relating to land and water use.

Table VI LAND AND FRESH WATER USE AT THE DIFFERENT STAGES OF NUCLEAR FUEL CYCLE

Mining and milling
Conversion
Enrichment
Fuel fabrication
Electricity production
Reprocessing
Waste disposal

Land use,
(104m2/TW.h)

Provisional alienation

2 - 7
0.015
0.017
0.002
5-10
0.02

Long-term or final
alienation

0.2

0.01

Fresh water use,
(10*m3/TW.h)

Total

0.2
0.01
6.3

0.003
1.32

?0.002-0.01
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3.6. SOME CONSIDERATIONS ABOUT THE THORIUM FUEL CYCLE

The comparatively high thorium reserves available and the absence in irradiated
thorium fuel of long lived actinides of environmental concern suggest advantages in the
utilization of thorium in nuclear reactors. While the use of uranium is likely to continue, an
eventual change to thorium is a distinct possibility in some countries (such as, for example,
India with its rich deposits of thorium [20]). Options for thorium utilization have been studied
since the earliest stage of nuclear industrial development.

As experience with thorium fuelled reactors and associated facilities has been very
limited, it is not possible to arrive at a quantitative assessment of the health and
environmental impact of the thorium fuel cycle. However, the factors that have to be taken
into account in calculating the radiological impacts and the significant differences between
thorium and uranium fuel cycles at various stages of operation are discussed here.

Mining and Milling: Mining and milling operations contribute to around 30% of the
total occupational dose in the uranium based LWR fuel cycle. While some uranium
ore has to be extracted from deep mines, thorium ores are generally available as
surface deposits. As a result, radiation exposures in mining and milling of thorium are
lower than for uranium. On the other hand, the toxicity of thorium mill tailings due
to the presence of Th-230 and its daughter products will contribute significantly to the
long term global dose [21].
Fuel fabrication: One of the main drawbacks of the thorium U-233 fuel cycle is the
presence of hard gamma emitters (2.5 MeV) among the daughter products of U-232
which is always present with U-233. This necessitates shielded facilities for
manufacturing of U-233 based fuels.
Reactor operation: Radioactivity releases from thorium fuelled reactors are likely to
be lower than those from uranium fuelled reactors. Thorium and its compounds are
very stable because they belong to the highest known refractories. This permits high
operating temperatures and high burnups of thorium fuel.

TableVII PRODUCTION OF MINOR ACTINIDES IN URANIUM AND THORIUM FUEL CYCLES IN g/t OF

HEAVY METAL AT 60 GW.d/t [22]

Fuel compositions

Minor actinides

237Np

Am
Cm

MSU+238U

9.0E+02
4.7E+02
2.2E+02

MSU+MJTII

9.6E+02
1.3E+00
3.0E-01

1.2E+02
5.5E+O2
2.9E+02

usU+"2Th

2.7E+01
8.5E-03
1.4E-03
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Fuel reprocessing. As far as reprocessing of irradiated thorium is concerned, the use
of solvent extraction techniques has been well established for efficient recovery of U-
233. Also, Th-Ufuel is amenable for dry reprocessing. Conceptual designs of molten
salt reactors using Th-U systems have been reported
Radioactive waste disposal: The greatest advantage of the thorium fuel cycle lies in
the fact that it produces significantly smaller quantities of long lived minor actinides
than the uranium fuel cycle (Table VII). The two nuclides which are of environmental
concern and which are present in significant quantities in the waste streams are Pa-
231 and Np-237. The behaviour of these radionuclides in the process streams and their
transport characteristics in the environment need further investigation.
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4 CONCLUSIONS

The comparative analysis presented above shows that in normal operation there are
no significant differences between the three nuclear fuel cycles for which quantitative
estimates of impacts have been made. The introduction of reprocessing is slightly
reducing the occupational exposure and increasing the long term global impacts for
future generations without changing the average level of individual exposure.

For the three fuel cycles, the main impacts are on workers operating nuclear
installations: the average individual dose is in the range of a few millisieverts. With
some doses for the most exposed groups that can be a concern in terms of health
protection. As far as the public is concerned, the level of exposure for the present
generation (0-100 years) due to direct radioactive releases from facilities into the
environment is extremely low: a very small fraction is added to the natural
background exposure and the corresponding risk can be considered as negligible, even
using the assumption of a linear dose-response relationship for low doses.

Concerning the long term and global consequences, there are difficulties in finding a
good indicator. The collective dose concept is, like the individual dose indicator, a
surrogate to take into account at the same time the length during which the
radionuclides will remain into the environment and the importance of the population
exposed. The impact of direct releases of long lived radionuclides on future
generations remains negligible in terms of individual risk and the total collective
exposure that can be estimated by integration over a large time period and the global
population will never be a public health problem as the worldwide collective exposure
for a given generation (about 30 years) is at the most a few man-sieverts.

Long term storage and disposal of radioactive wastes do not raise any particular
problems in terms of health. Individual exposure remains at extremely low levels
whatever the technical solutions envisaged as long as no intrusion into the disposal
site occurs. A remaining issue common to all three fuel cycles is the potential for
major accidents which may have significant health and environmental consequences.
This concerns potential major dispersions of radioactivity in the event of an accident
at nuclear power plants or at other fuel cycle facilities, potential cases of human
intrusion into waste disposal sites and the risk of accidents during transportation of
radioactive materials. The prevention of such accidents calls for a high level of
vigilance and an on-going improvement of safety.

Beyond this general picture, it is interesting to note that plutonium toxicity is nowhere
a major factor in the context of normal operational impacts. There is certainly much
misconception about this issue, which has been often used as a strong argument
against fuel cycles which include reprocessing. The problem with plutonium is in fact
its possible dispersion into the environment in the event of an accident. It is also
worth noting that the possible disposition of surplus weapons plutonium will not
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change this overall picture, nor affect the health and environmental features of fuel
cycles discussed in this paper.

Nuclear energy is probably the first industry to explicitly explore all the potential
health and environmental impacts involved and to try to assess them with the best
available information. It is obvious that more or less large uncertainties remain
attached to any quantitative estimates based on modelling techniques and assumptions
and these uncertainties are particularly important in estimates of far future impacts.
However, this situation cannot be used as a reason for not trying to quantify the order
of magnitude of the potential impacts using prudent assumptions. Applied coherently,
this approach makes it possible to identify the respective contribution of the various
sources of risk to health and the environment as well as to put into perspective the
impacts of the nuclear fuel cycle compared with those of other energy sources. The
most recent studies show that the health and environmental impacts of the nuclear fuel
cycle are of the same order as those of energy production by gas or renewables such
as wind and hydro. They remain far below the impacts of coal and oil [2].

Finally, although the comparison made between the three fuel cycles shows no
significant differences in terms of safety, health and environmental impacts it should
be noted that the closed fuel cycle is advantageous in assuring a sustainable energy
source for the future.
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