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Preface

This report describes the results of a broad qualitative study of the radiological
impact associated with a number of nuclear fuel cycles. Two reference 'once
through' cycles and five 'advanced' fuel cycles were analysed. The five
'advanced' fuel cycles all include technologies for the partitioning and
transmutation of long-lived radionuclides present in high level radioactive
waste.

This work was carried out as part of the ECN Nuclear Energy RAS (Recyclage
van Actiniden en Splijtingsproducten) research programme in the period from
October 1995 to April 1996. In 1995 the work was funded from the ECN Energy
Generation in the Natural Environment (ENGINE) programme, ECN project
number 11646. The work was continued in 1996 under contract to the Dutch
Ministry for Economic Affairs, ECN project number 71162.

© Netherlands Energy Research Foundation, Petten, 1996.
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Summary

This report describes the results of a literature study performed to identify any
significant differences in the public radiological impact associated with existing
nuclear fuel cycles and partitioning and transmutation (P&T) based fuel cycles.
The study was performed in the framework of ECN Nuclear Energy's RAS
(Recyclage van Actiniden en Splijtingsprodukten) research programme. Two
reference 'once through' cycles and five 'advanced' fuel cycles were analysed.
The five 'advanced' fuel cycles all incorporate technologies for the partitioning
and transmutation of the long-lived radionuclides present in high level
radioactive waste. Currently, only a limited amount of information on these
'advanced' fuel cycles is available. The assessment of the radiological impact
associated with these cycles is therefore by necessity of a general nature.

The radiological impact incurred over the period to several 100,000 years
associated with the normal operation of installations in the 'once through'
nuclear fuel cycles is dominated by the mining, electricity generation and
reprocessing (for the 'reprocessing without recycling' option) stages. Beyond
this time the impact associated with the disposal of high-level radioactive waste
could become important. With respect to the radiological impact associated
with accidental releases the electricity generation and the waste disposal
(i.e. altered evolution scenarios) stages are important. In this study only the
changes in impact associated with altered evolution scenarios for the waste
disposal stage have been considered. It has been implicitly assumed that the
impact associated with accidental releases from the electricity generating stage
will be limited by legislation and will not differ significantly from the 'once
through' LWR cycle.

Evolutionary light water reactor (LWR) cycles do not appear to offer major
radiological impact gains at either the front end or the back end of the fuel
cycle. At most a reduction of 15% in uranium ore requirements (with respect to
the 'once through' cycles) can be achieved. This can be assumed to have a
proportional effect upon the radiological impact associated with the mining and
milling stages of the fuel cycle. It is unlikely that any major changes in the long
term or potential short term radiological impact from the wastes to be disposed
of could be achieved with these fuel cycles. In addition, it is unlikely that the
radiological impact associated with the electricity generating stage will be
significantly different for these cycles. This impact depends primarily on plant
design and management and can be limited by legislation.

The recycling of plutonium in fast reactors (FBRs) implies that a significant
reduction in the amount of uranium ore required (and hence the radiological
impact associated with the mining and milling stages) can be achieved once the
cycle has reached an 'equilibrium' situation. Additional recycling of the minor
actinides in FBRs implies that significant reductions in the actinide inventory
over the relative near future (i.e. isotopes of plutonium and americium) and the
far future (i.e. neptunium) can be achieved. The reduction in the long term and
potential short term radiological impact will not be proportional to the
reduction in the actinide inventory. For the long term impact this is due to the
fact that the quantity of fission products, which contribute significantly to this
impact, remains unchanged. For the short term impact this is due to the nature
of the impact. The radiological impact associated with the electricity generating
stage may change due to the use of a different reactor technology.
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The normalised radiological impact incurred over the first few 100,000 years
associated with fuel cycles incorporating fission product recycling is likely to
be similar to that associated with identical fuel cycles without fission product
recycling. Fission product and minor actinide recycling in FBRs will lead to a
significant reduction in the inventory of some of the radionuclides which
contribute to the long term radiological impact. However, several performance
assessments for radioactive waste repositories show that the radionuclide l35Cs
makes the single most important contribution to the long term radiological
impact associated with the repository. The schemes proposed to date for fission
product recycling, in particular the fission product recycling fuel cycle
considered in this study, do not affect the inventory of this radionuclide.
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1. Introduction

In recent years many nuclear power states have expressed increased interest in
the partitioning and transmutation (P&T) of the long-lived radionuclides present
in high level radioactive waste. A large number of P&T concepts have been
proposed both for actinides and long-lived fission products. The various
partitioning (or separation) concepts proposed include the extension of existing
'wet' reprocessing techniques and the development of new 'dry' pyrochemical
techniques. Transmutation schemes have been put forward based on thermal
reactors, fast reactors and accelerator systems. The principle objective of all
P&T concepts is to reduce the radiological impacts associated with the high
level waste when it is eventually placed in a deep geological repository.

In 1989 the Netherlands Energy Research Foundation initiated the RAS
(Recyclage van Actiniden en Splijtingsprodukten) research programme. The
general objective of the RAS research programme is to contribute to
international research on the P&T of the long-lived components of nuclear
waste and to indicate the possibilities of including P&T concepts in an
acceptable waste management strategy. During the first four years of the RAS
programme the emphasis of the research was on the nuclear and reactor physics
and the nuclear chemistry aspects of the various concepts.

Towards the end of 1994 a project was initiated to investigate the changes in
the radiological impact associated with the nuclear fuel cycle which would
result from the implementation of P&T concepts. All stages of the nuclear fuel
cycle and the radiological impact incurred by both present and future
populations were to be considered. In accordance with the recommendations of
the external RAS review committee one of the first tasks carried out in the
framework of this project was a broad qualitative study of these radiological
impacts. The objective of this study was to identify any significant differences
in the radiological impact between existing nuclear fuel cycles and P&T based
fuel cycles.

This report presents the results of this broad, qualitative study. In Chapter 2 the
framework for the radiological impact assessment is developed. An overview of
radiological impact assessment is given, the different contexts in which such
assessments may be used are explained and the approach used in this study is
outlined. In Chapter 3 the radiological impact assessment is given for the
different fuel cycles considered: the 'once through' fuel cycles; the
evolutionary options in light water reactors (LWRs); the fast reactor (FBR)
options and the transmutation of fission products. The fuel cycles considered
were based on those analysed in the recent fuel cycle study performed by the
Commissariat a l'Energie Atomique (CEA) for the European Union [1]. Finally,
the results of the study are discussed in Chapter 4 and a number of conclusions
are drawn in Chapter 5.

UEXf PACIE(S)
l®f t BLAHK
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2. Methodology

In this chapter the framework for the radiological impact assessment
(Chapter 3) is developed. Firstly, in Section 2.1, an overview of radiological
impact assessment is given. In Section 2.2, the two distinct roles of radiological
impact assessment (i.e. as part of a licence application process or as part of a
technology assessment process) are outlined. Finally, the approach used in this
study is delineated in Section 2.3.

2.1 Radiological Impact Assessment

The general objective of radiological impact assessment is to evaluate the impacts
of a particular activity which result from the fabrication, processing, storage or
transport of radioactive materials associated with that activity. In accordance with
the principles of the International Commission on Radiological Protection (ICRP)
these impacts should be justified, optimised and subject to individual limits [2].
When assessing the radiological impact associated with nuclear fuel cycle
facilities a distinction is generally made between the impact incurred by those
employed at a given facility and that incurred by the general public. In this study
the evaluation was restricted to the radiological impact incurred by the general
public. The radiological impact incurred by the public results from routine
(i.e. authorised) releases of radioactive materials. In addition, the public may be
subject to an additional radiological impact as a result of accidental releases.

There is no one measure for quantifying the radiological impact incurred by the
general public. The legislation of all nuclear power states specifies that the
individual dose incurred by those individuals living near to nuclear installations
should be assessed. In the Dutch risk management policy an additional measure of
radiological impact is specified: the group risk, which represents the number of
early fatalities amongst the members of the public as a result of a large accidental
release of radioactive material. In many studies measures of collective dose have
also been used to give a fuller picture of the radiological impact. The collective
dose is the integral (over a defined time period) of all individual doses in the
population of interest. Which measures are most suitable for a particular
radiological impact assessment depends upon the context in which that
assessment is carried out.

2.2 The Role of Radiological Impact Assessment

Radiological impact assessments are used in two distinct ways: firstly, as part
of a licence application process and secondly, as part of a technology
assessment process. An overview of these two processes and the general
characteristics of radiological impact assessment in each process is given in the
following paragraphs.

As part of a licence application processAs part of a licence application process
The legislation of all nuclear power states requires that a detailed quantitative
assessment of the radiological impact of a nuclear fuel cycle facility is carried
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out as part of the licence application process. In the Netherlands, this
assessment is incorporated into one or more of the following documents: the
environmental impact report, the safety analysis report and the probabilistic
safety assessment. In such documents the radiological impact is assessed in
terms of a limited number of quantitative measures. These measures are
specified in the relevant legislation and assessments have to be performed in
accordance with any existing guidelines. The principal objective of such
assessments is to demonstrate compliance with the limits set for these
measures. It is an essential characteristic of such assessments that the facility
for which the radiological impact assessment has to be performed exists or is in
an advanced state of design. The data necessary for the detailed assessment are
therefore directly available or derivable from the facility design.

As part of a technology assessment process
Formalised technology assessments are increasingly being used to evaluate and
compare technology options. Such assessments are also an important input to
funding decisions for 'emerging' technologies. Initially such assessments were
based exclusively on scientific and technical terms. However, it is now
accepted that the ultimate success of a given technology rests not only upon its
'narrow' scientific and technical design but also upon its 'broader' economic,
social and environmental characteristics. There is therefore a need for an
ongoing assessment of ('emerging') complex technologies in technical,
economic, social and environmental terms. In this framework, radiological
impact assessment forms one environmental input in the development of
nuclear technologies. The primary role of this assessment is to highlight any
characteristics of the technology which are important with respect to the
radiological impact. The stage reached in the development trajectory of a given
technology will determine the methodology used for and the level of detail in
the radiological impact assessment. Clearly, for those technologies which
already exist or are in an advanced state of design a detailed quantitative
radiological assessment (such as in the licence application process) could be
performed. However, for those technologies which are still in a relatively early
design this will not be possible. For such technologies the assessment is limited
to a more qualitative analysis based on the general characteristics of the
technology. In the framework of a technology assessment process it may be
necessary to assess the radiological impact using additional or alternative
measures to those used in the framework of the licence application process.
This may be necessary because: the detail of design does not yet enable a
quantitative assessment in terms of those measures; a fuller picture of the
radiological impact is needed (e.g. in order to distinguish between different
technologies) or; assessment of the radiological impact in terms of the measures
specified in the legislation is deemed to be unnecessary. In practice, many
radiological impact assessments performed in the framework of technology
assessments can be characterised as 'optimisation' problems. For such
problems the radiological impact is often assessed using measures of collective
dose.

Radiological impact assessment for the technologies being studied in the RAS
research programme should be seen as part of a technology assessment process.
The different technologies being studied are in varying stages of development.
For example, the recycling of plutonium as mixed oxide fuel (MOX) fuel in
LWRs is increasingly being realised in France whereas the satisfactory
separation of americium and curium has not yet been achieved beyond the
laboratory scale [3]. For most of the technologies being studied in the RAS
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programme only a qualitative assessment of the radiological impact is possible.
Details of the approach taken in this study are outlined in the next section.

2.3 Approach Used In This Study

To date many concepts have been proposed for the P&T of the long-lived
radionuclides present in high level radioactive waste. Few of these concepts
have been specified beyond the basic physical and chemical parameters. The
emphasis to date has been on the reactor physics and nuclear chemistry aspects
and on conceptual studies of the possible reduction in nuclear waste. In this
broad study of the radiological impacts associated with P&T technologies it was
not possible to consider all concepts in detail.

The approach chosen for this study was to consider scenarios based on the six
fuel cycles defined in the recent fuel cycle study performed by CEA for the
Commission of the European Union [1]:

A 'once through' nuclear nuclear fuel cycle based on modern pressurised
water reactors (scenario Rl);
A fuel cycle in which used fuel is reprocessed and in which the
plutonium is recycled in the form of mixed oxide fuel (MOX)
(scenario R2);
A fuel cycle as the above but in which FBRs are gradually introduced into
the reactor park (scenario R3);
A fuel cycle in which in addition to plutonium, neptunium and
americium are also recycled. The reactor park is assumed to be composed
of modem pressurised water reactors (scenario RP1 -1);
A fuel cycle as above but in which FBRs are gradually introduced into the
reactor park (scenario RP1-2);
A fuel cycle in which both actinides and the long-lived fission products
"Tc and 131I are recycled and the reactor park is made of a mix of PWRs
and FBRs (scenario RP2).

An additional 'reprocessing without recycling' fuel cycle was considered which
represents the present reality in many nuclear power states. Where the
assumptions made in defining the scenarios in [1] were considered
inappropriate, alternative assumptions were made. The fuel cycles covered in
[1] cover many of the major trends in P&T research (with the notable exception
of accelerator based concepts). The radiological impact associated with the two
'once through' fuel cycles was quantified on the basis of data from existing
facilities or from performance assessments for facilities yet to be built. The
recycling fuel cycles were then evaluated against these two 'once through' fuel
cycles. Where possible quantitative data was used for the recycling fuel cycles
and where necessary this was complemented with qualitative considerations.

The radiological impact was assessed in terms of collective dose. This impact
was broken down into a regional impact (e.g. incurred by the European
population for facilities located in Europe) and a global impact. Attention was
also given to the time scales over which these impacts are incurred. The
integrated collective dose is a measure of the total radiation exposure of a
population and as such is a useful input for distinguishing between
technologies. However, it should be emphasised that there are several major
problems involved in using integrated collective doses to compare fuel cycle
options [4]. Most importantly, collective doses for future impacts, even with
relatively short integration times, can only be used as indicators. No attempt
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was made to quantify the radiological impact in terms of the individual and
group risk measures specified in the Dutch risk management policy. It was
assumed that collective dose is the primary measure of radiological impact for
distinguishing between different technologies and that the individual and group
risk measures provide only supplementary information. It was also implicitly
assumed that all facilities in the fuel cycles considered can be designed such
that the limits for the measures specified in the Dutch risk management policy
are met.

In general, only the radiological impacts associated with the normal operation
of the fuel cycle facilities were considered in this study. The exception is the
final disposal stage where consideration was given to "accidental" evolution
scenarios such as human intrusion scenarios. The electricity generating stage is
the most important stage with respect to the potential radiological impact
associated with accidental releases. In this study, it was implicitly assumed that
the probabilities of occurrence of severe accidents for reactor designs in P&T
fuel cycles do not differ significantly from those for the standard fuel cycle.

The principle advantage of the fuel cycle approach is that it provides a
structured framework in which to normalise the radiological impact (e.g. with
respect to the electrical energy generated). This normalisation is
straightforward for 'once through' fuel cycles. However, normalisation for
recycling fuel cycles is often problematic. This is particularly true for those fuel
cycles which do not reach an 'equilibrium' situation and for which not all
material flows are acceptably accounted for within the fuel cycle definition
(i.e. no end scenario or end scenario for a particular material flow is defined).
This problem can be partly solved by normalising over a significantly long time
period.
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3. Radiological Impact Assessment

In this chapter the radiological impact associated with different fuel cycle
strategies is discussed in general terms. The fuel cycle study performed recently
by CEA for the European Union [1] was used as the basis for the definition of
the strategies considered. All fuel cycles analysed in [1] cover the period from
2000 to 2100 and are based on a constant installed reactor capacity of
120 GWe. The reactor park consists either entirely of modern pressurised water
reactors (the 'once through' cycles and the 'evolutionary' options with LWRs)
or of a mixture of modern pressurised water reactors and fast burner reactors
(fast reactor options and fission product transmutation). In addition to the six
fuel cycles defined in [1] a 'reprocessing without recycling' fuel cycle, which
represents the current reality in many nuclear power states, has also been
considered. The objective of [1] was to investigate the potential of and costs
associated with the P&T of long-lived radionuclides and little attention was
given to the radiological impact associated with implementing P&T concepts.
The assessment of the radiological impact associated with the fuel cycles is
therefore largely based on data from other sources. This data has been derived
using a range of assumptions but should be sufficiently consistent for the
present purpose.

3.1 'Once Through' Fuel Cycles

General description of fuel cycles
There are two generic 'once-through' nuclear fuel cycles: the 'once through*
without reprocessing cycle and the 'reprocessing without recycling* cycle.
Until very recently the nuclear fuel cycles in all nuclear power states could be
categorised as one of these two cycles. A 'once through* cycle without
reprocessing was defined as fuel cycle Rl in [1], In this cycle the depleted
uranium from the uranium enrichment plant should be considered as disposable
waste (in addition to the used fuel elements and mine and mill wastes). The
'reprocessing without recycling' cycle was not defined in [1]. In such a fuel
cycle the disposable wastes from the back end of the fuel cycle are in the form
of reprocessed uranium (REPU), plutonium and vitrified high level waste from
the reprocessing plant. For both fuel cycles the radiological impact for each
stage can be based upon data from existing plants or from performance
assessments for facilities yet to be built.

Overview of radiological impact
Table 1 gives an overview of the normalised integrated collective dose
associated with all of the stages involved in the two 'once through' nuclear fuel
cycles. This table has been compiled with data from two sources: the 1993
UNSCEAR report [5] and reports published in the framework of recent research
into the external costs associated with the nuclear fuel cycle [6,7]. The
radiological impacts given in the UNSCEAR report [5] are based on average
release data for facilities all over the world and have been assessed for defined
reference locations. The radiological impacts assessed in [6] and [7] are based
on site specific release and location data. Although there are differences
between these two data sources, the general qualitative impression of the
integrated radiological impact associated with the 'once through' fuel cycles is
similar. Clearly the data for the reprocessing stage apply only to the
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'reprocessing without recycling' cycle. In addition, the impact associated with
the globally dispersed radionuclides is primarily (i.e. from 85 to almost 100%)
due to releases from the reprocessing stage. Table 1 shows that the radiological
impact associated with these fuel cycles is dominated by the following stages:
mining and milling (regional impact and wastes); electricity generation
(regional impact and globally dispersed radionuclides) and; reprocessing
(regional impact and globally dispersed radionuclides).

Table 1: Radiological impact of 'once through' fuel cycles

Regional Impacts

Mining & Milling

Fuel Fabrication*2*

Electricity Generation

Reprocessing

Transport

Global Impacts and Waste Disposal

Globally Dispersed Radionuclides

Mining & Milling Wastes

Waste Disposal(6)

Integrated Collective Dose (manSv/TWeh)

UNSCEAR(1)

1.65 10'

3.4 10"4

1.53 10'

2.8 10'2

1.1 10*2

3.0 101(4)

1.71 10'

6.3 10"2

ECFC(I)

1.77 10"'

7.1 10J

1.49 101(3)

6.3 10-2

1.0 10°

1.22 10'/2.1 1O'(4)

0/1.71 1O'(5)

1.4 10"'/n.a.

Notey.
(1)

(2)

(3)
(4)

(5)

(6)

Data taken from the 1993 UNSCEAR report [5] and reports published in the framework
research into the external costs of fuel cycles (ECFC) [6,7] - where two figures are given
in the ECFC column the first refers to the French study [6] and the second to the Dutch
study [7]. The radiological impact associated with the depleted uranium wastes from the
enrichment stage is not considered in any of these studies.
Fuel fabrication is taken here to consist of the three stages conversion, enrichment and
fuel fabrication.
Data averaged over 5 French PWRs [6] and 1 Dutch PWR [7].
The impact associated with globally dispersed radionuclides is due essentially to releases
of I4C from the electricity generating and reprocessing stages. The figures from
UNSCEAR [5] and the Dutch ECFC [7] report are based on an integration time of 10,000
years and release data for the reprocessing of uranium metal fuels. The difference in these
two figures is due primarily to differences in the release data used for the electricity
generating stage. It should be noted that the UNSCEAR figure has been corrected to
corresprond to 100% reprocessing. The French ECFC [6] data is based on an integration
time of 100,000 years and release data for the reprocessing of uranium oxide fuels. The
lower value obtained in the French ECFC study [6] is due to lower releases of I4C from
the reprocessing of oxide fuels.
In the French ECFC study mine and mill wastes were assumed to be disposed of in the
uranium mine at the end of its operational life. The radiological impact was therefore
considered to be zero. The value in the Dutch ECFC [7] study was taken directly from the
UNSCEAR report [5] which assumes that a 'reasonably' intact cover is placed over the
tailings and that this essentially remains intact. This value is integrated to 10,000 years:
longer integration times would lead to higher values as the radon release rate will only
decrease by a factor of 2 over the first 100,000 years.
The values for waste disposal given in UNSCEAR [5] and the French ECFC study [6] are
illustrative values for vitrified high level waste. In the Dutch ECFC study [7] it was not
considered appropriate to try and quantify the radiological impact associated with this
stage in the nuclear fuel cycle in the framework of the ECFC project.

*Front-end' stages
The 'front end' of 'once through' nuclear fuel cycles consists of the mining and
milling of uranium ore and the conversion, enrichment and fuel fabrication
stages. The regional radiological impact is associated with the operational

ECN-R--96-003



Radiological Impact Assessment

phase of the facilities at these stages and is due to releases of the naturally
occurring long-lived uranium isotopes and their daughter radionuclides. This
impact is dominated by the contribution from the mining and milling stage.
Despite the long half-lives of some of the radionuclides released, most of the
radiological impact associated with these releases is incurred in the relative
near future (i.e. up to 100 years from release). This is due to the availability of
the released material in man's environment during this period.

Mining and milling wastes
Releases of radioactive materials from the stockpiled mine and mill wastes
('tailings') and depleted uranium from the enrichment stage form additional
radiological impacts associated with the 'front end' of the 'once through'
nuclear fuel cycles. The magnitude of these impacts will depend essentially
upon how these wastes are disposed of: on the surface or underground. Values
for mine and mill wastes are given in Table 1, but to date little attention has
been given to long term disposal options for the depleted uranium. For all
surface based disposal schemes it appears inevitable that the radiological
impact associated with these wastes will make a major contribution to the
radiological impact integrated over a period of 10,000 to 100,000 years. It is
difficult to predict the radiological impact associated with surface disposal
schemes for longer time scales. For some regions (e.g. Northern Europe) this is
particularly true because major glaciations are expected within the 100,000
year period. The additional radiological impact associated with underground
disposal of these wastes should be minimal (i.e. replacement of naturally
occurring radionuclides in their natural environment).

Electricity generation
The regional radiological impact associated with the electricity generating stage
is due to releases of fission products and the activation products 3H and 14C.
The global impact from this stage is due primarily to the 14C releases. This
global impact is largely incurred within the first 10,000 years following release
and is generally greater than the regional impact.

Reprocessing
Releases of radioactive materials from the reprocessing plant (for the
'reprocessing without recycling' fuel cycle) result in radiological impacts on
both the regional and global scale. The regional impact is due primarily to
atmospheric and liquid releases of fission and activation products. Actinide
releases also contribute to the impact associated with liquid releases. The
global impact from this stage is due primarily to releases of' C.

Waste disposal
For the 'once through' without reprocessing cycle the waste for the final
disposal stage of the cycle is in the form of spent fuel elements. For the
'reprocessing without recycling' cycle this waste is in the form of REPU,
plutonium and vitrified high level waste from the reprocessing plant. A
substantial amount of research has been carried out world-wide into the
radiological impact associated with various final disposal options for spent fuel
elements and vitrified high level waste. To date however, little attention has
been given to the radiological impact associated with the disposal of REPU and
plutonium from the reprocessing stage. This is because these materials have
traditionally been thought of as (valuable) resources. It is out of the scope of
this study to perform a detailed qualitative review of the research performed to
date. Instead two general points of relevance to the ('once through') fuel cycles
considered in the present study are made:
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Firstly, performance assessments for deep geological repositories generally
distinguish between the normal evolution scenarios and altered evolution
scenarios. Normal evolution scenarios essentially account for the gradual
degradation of the waste disposal facility by water and for expected geological
trends. The radiological impact associated with such scenarios is dominated by
those radionuclides with long half-lives and a relatively high geomobility
(e.g. the fission products 135Cs, I29I and"Tc). For the disposal of wastes in rock
salt formations (research in the Netherlands has focused upon rock salt as the
host rock for a repository) the first exposures as a result of normal evolution
scenarios are not expected to occur until several million years into the
future [8]. Altered evolution scenarios account for non-gradual processes such
as human intrusion and seismic events. Altered evolution scenarios could
conceivably result in significant radiological impacts in the relatively near
future (i.e. 100s or 1000s of years from disposal). The radiological impact of
such events in the very near fiiture (i.e. the first 100 years or so) is dominated
by the short lived fission products ^Sr and 137Cs. Scenarios resulting in
exposures on such timescales are based on a rapid and severe deterioration of
the societal infrastructure. For scenarios which lead to exposures in time scales
of 1000s of years the radiological impact is dominated by the actinides, in
particular isotopes of plutonium and241 Am.

Secondly, although the radionuclide inventories of the wastes to be disposed of
from the two 'once through' cycles are essentially the same, the different
physical forms of the waste may lead to differences in the radiological impact.
In particular, reprocessing makes it possible to optimise the final waste form
with respect to the objectives of final disposal. The general consensus appears
to be that most reprocessed waste forms will perform at least as well if not
better than spent fuel [9]. Results from one comparative study for a repository
in granite suggest that, for example, the radiological impact in the period from
10,000 to 100,000 years may be significantly lower for vitrified high level
waste than for spent fuel [10]. It should be emphasised that the impact
associated with the disposal of REPU and plutonium was not included in this
analysis.

3.2 'Evolutionary Options' with LWRs

General description of fuel cycles
Two 'evolutionary option' fuel cycles based on LWR technology were defined
in[l] (fuel cycles R2 and RP1.1). These fuel cycles cover the recycling of
plutonium in the form of MOX fuel, and the recycling of plutonium, neptunium
and americium in the form of MOX and mixed oxide with minor actinides
(MINOX) fuels respectively. The REPU is also recycled for uranium oxide (UOX)
fuel fabrication. The reprocessing of used fuel is assumed to take place using
existing technology (i.e. the PUREX process). Reprocessing losses of 0.3% for
uranium, 0.5% for plutonium and 5% for neptunium and americium are
assumed. MOX fuel is assumed to be fabricated from the reprocessed plutonium
and depleted uranium. Homogenous MINOX fuel is fabricated from l%wt
neptunium and americium and 5% enriched uranium. All reactors were
assumed to be licensed to use 30% MOX fuel and assumptions were made with
respect to the percentage of reactors using MOX fuel at a given time. In general
all used fuel was assumed to be reprocessed (including MOX and MINOX fuel)
but an upper limit was imposed on the amount of MOX fuel entering the
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reprocessing plant. All used MOX fuel above this limit was assumed to remain
in interim storage.

The fuel cycles defined in [1] assume multiple recycling of MOX fuel. However,
the recycling of MOX fuels in PWRs is limited by the deterioration of the quality
of the recycled plutonium (i.e. an increase in the ratio of non-fissionable even
plutonium isotopes to the fissionable odd isotopes). Additionally, the
reprocessing of MOX fuel, although technically possible, has a number of
practical problems associated with it: increased criticality risk during the 'head
end' processes; increased solvent degradation due to higher a radiation levels;
increased heat levels; and more difficult plutonium purification [11]. Limited
recycling of plutonium is therefore a more realistic assumption. A general
discussion of the comparative (i.e. with respect to the 'once through' cycles)
radiological impacts associated with various stages of these two cycles is given
below.

'Front-end' stages
The radiological impact associated with the mining and milling stages of cycles
R2 and RP1.1 will be lower than that associated with these stages of the 'once
through' fuel cycles. These lower impacts can be assumed to be proportional to
the decrease in uranium ore requirements. The uranium ore requirements for
cycles Rl (and hence also the 'reprocessing without recycling' cycle), R2 and
RP1.1 for the 100 year period covered by the fuel cycles are given in Table 2.
The fact that the MINOX fuel needs to be fabricated from 5% enriched uranium
leads to a higher uranium ore utilisation for fuel cycle RP1.1 than for fuel
cycle R2.

Table 2: Uranium Ore Requirements

Fuel cycle Cumulative Uranium Ore Requirements (metric tons)(1)

™RT — — 1400 000(100%)
R2 1 190 000 (85%)

RP1.1 1300 000 (93%)
_ _ _ _ _ _ _ _ _ _ _ _ ,_„__-_„ _ _ .

(1) Figure for Rl estimated on data given in [1]. Figures for R2 and RP1.1 taken from [1].

The radiological impact associated with the fuel fabrication stages for the uox,
MOX and MINOX fuel mixtures for fuel cycles R2 and RP1.1 will probably be
higher than that for the fabrication of UOX fuels alone. Trace quantities of
fission products will be present in the uranium, plutonium, neptunium and
americium from the reprocessing plant. Small amounts of these fission products
will therefore be present in the releases from fuel fabrication facilities.
However, the radiological impact associated with the fuel fabrication facilities
makes only a minor contribution to the radiological impact of the fuel cycle as a
whole. It is therefore unlikely that the increased impact associated with these
stages for these two fuel cycles will have an important effect on the overall fuel
cycle impact.

Electricity generation
As stated in Section 3.1, the radiological impact associated with the electricity
generation stage is the result of releases of fission products and the activation
products 3H and 14C. These releases are largely dependent upon reactor design:
in particular those features relevant to the production of radioactive materials in
the core and reactor coolant circuit and the efficiency of the waste treatment
systems. Assuming that MOX and MINOX fuels can be fabricated to the same
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standard as UOX fuel (with respect to defects in the cladding and trace
quantities of fissionable material on the outside of the cladding material) then
the use of these fuels will not have a significant impact on these releases. This
is particularly true when the use of MOX fuel is limited to 30% of the reactor
core (as assumed in fuel cycles R2 and RP1.1). The normalised radiological
impact for this stage of these evolutionary fuel cycles can therefore be assumed
to be the same as for the 'once through' cycles.

Reprocessing
For fuel cycle R2 the reprocessing plant can be assumed to be identical to that
in the 'reprocessing without recycling' fuel cycle. Both used UOX and MOX fuel
are assumed to be reprocessed in this plant: the amount of MOX fuel entering
the plant is limited to 20% of the total [1]. The reprocessing of UOX fuel will
lead to the same normalised radiological impact as for the 'reprocessing
without recycling' fuel cycle. The technically more difficult reprocessing of
MOX fuels may lead to potentially higher unit releases (e.g. as a result of
increased solvent degradation). This could be, at least partly, compensated for
by the use of extra waste treatment systems (filters, etc). Higher releases would
lead to a higher regional impact but are unlikely to have any effect on the
global impact. The reprocessing plant assumed for fuel cycle RP1.1 is designed
as the existing PUREX process (fuel cycle R2) with extensions for the separation
of neptunium and americium. Although based upon existing knowledge, such
processes have not yet been applied on an industrial scale. The additional steps
at this plant may lead to higher unit releases of those radionuclides which play
a role in determining the regional impact than for fuel cycle R2. It is not
possible to quantify any additional releases at this stage in the development.

Transport
The radiological impact incurred by the general public as a result of the
transport of radioactive materials between the different stages of the nuclear
fuel cycle is due primarily to external irradiation from the transport containers.
This impact is very specific to any assumptions made with respect to the
transport routes taken, the population distribution around these routes, etc. It is
therefore difficult to qualify what effect fuel cycle modifications may have on
this impact. Recycling may lead to a higher radiological impact due to an
increased transport inventory. Any increase would not be proportional to the
increase in this inventory and would be limited by legislation with respect to
transport container design etc.

Waste disposal
The 'waste' inventories for the two evolutionary options with LWRs and the
'once through' without reprocessing cycle are given in Table 3. The waste
inventories represent the material losses from the fuel fabrication plants and the
wastes from the reprocessing plant (or the irradiated fuel elements for direct
disposal for fuel cycle Rl). These figures do not include the depleted uranium
stocks, fuel in the reactors, REPU, the 'excess' used MOX fuel or the actinides
(plutonium, neptunium and americium) in interim storage.
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Table 3: Waste inventories for fuel cycles Rl, R2 and Rl.l

Fuel cycle

Rl

R2

RP1.1

Pu

1870

22

22

Radionuclide Masses (t) in Waste in year 2100C1)

Np

140

100

12

Am

310

420

27

Cm

6

65

108

Note:
(1) All data taken from [12].

A large fraction of the actinide inventory for fuel cycles R2 and RP1.1 is
therefore not included in Table 3. In order to compare the radiological impact
associated with the final disposal stage of these two cycles with that of the
'once through' cycles all material flows have to be taken into consideration
(i.e. an 'end' scenario has to be defined). For these LWR based fuel cycles, it
could be assumed, for example, that the contents of the 'excess' used MOX fuel
are placed in the waste repository.

For plutonium recycling only (i.e. fuel cycle R2) and limited number of
recycles (see the discussion in General description of fuel cycles) the decrease
in the plutonium inventory for final disposal with respect to the Rl cycle is
approximately 25% for one recycle and 44% for two recycles (i.e. a first
recycling of used MOX fuel) [11]. This decrease in the plutonium inventory is
coupled with greater quantities of the heavier actinides americium and curium
in used MOX fuel than used UOX fuel (see Table 3). This is shown by the 'cycle'
(i.e. the waste inventory plus the inventory of all materials at other stages of the
fuel cycle) radiotoxicity curve given in [12]. This curve shows an increase (up
to 50%) in the radiotoxicity of the 'cycle' inventory over the first 1000 years
and a decrease (up to a factor 2) over the period from 1000 to 100,000 years.
Additionally, the long term 237Np content of used MOX fuel is significantly
higher than that of used UOX fuel [11] (due to higher initial content of 241Am
and 241Pu). Finally, Table 3 shows that the recycling of plutonium and the
minor actinides neptunium and americium in LWRs has no impact on the
inventory of important fission products in the waste.

The above considerations imply that, for plutonium recycling in LWRs the
radiological impact associated with the final disposal of radioactive wastes is
not likely to be significantly different to that for the 'once through* fuel cycles.
For altered evolution scenarios which lead to exposures in the relatively near
future (e.g. human intrusion) the impact could be greater. The long term impact
from normal evolution scenarios will be very similar to that associated with the
'once through' cycles. For MOX and MINOX recycling (i.e. fuel cycle RP1.1) the
impact associated with the final disposal of wastes should be more favourable
than for fuel cycle R2. This is because a reduction in plutonium and americium
can be achieved with respect to the 'once through' cycles. This implies a lower
potential impact associated with altered evolution scenarios over the period to
10,000 years. The long term radiological impact will be similar to that for fuel
cycle R2 and the 'once through' fuel cycles. For both these fuel cycles a large
fraction of the depleted uranium from the enrichment plant and the REPU from
the reprocessing plant have to be considered as wastes. When disposed of
responsibly (e.g. in a mine) the additional radiological impact from these
wastes should be minimal.
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Evaluation of fuel cycles
The normalised (per unit of electricity produced) radiological impact associated
with these cycles depends upon the assumptions made with respect to
reprocessing. If it is assumed that the used MOX fuel is recycled at most once
and that it is further disposed of directly, then the normalised radiological
impact associated with the reprocessing stage of fuel cycles R2 and RP1.1 will
be lower than for the 'reprocessing without recycling' fuel cycle. If it is
assumed that all used MOX fuel is reprocessed before disposal then this is not
the case. The normalised radiological impact associated with these two fuel
cycles is likely to be higher than the 'once through' without reprocessing cycle.
This will certainly be the case for the impact incurred within the first few
generations.

3.3 Fast Reactor Options

General description of fuel cycles
Two fuel cycles for the reprocessing of actinides based on a mixture LWRs and
fast reactors (FBRs) were defined in [1] (fuel cycles R3 and RP1.2). These fuel
cycles are based upon 'existing' technologies and knowledge. Fuel cycle R3 is
essentially the same as fuel cycle R2 (MOX recycling in LWRs) until the year
2020: after this date all the plutonium from the reprocessing plant is recycled in
FBRs (i.e. no more MOX fuel for LWRs is fabricated). Used fuel from the FBRs is
reprocessed in a separate reprocessing plant for which reprocessing losses of
0.9% for uranium and 0.25% for plutonium were assumed. Fuel cycle RP1.2 is
essentially the same as R3 with the additional recycling of neptunium and
americium in the FBRs from 2020 onwards. The neptunium and americium
recovered from used LWR fuel before this date are put in interim storage and
recycled as the FBRs become available. The neptunium and americium are
homogeneously blended with the FBR fuel at 3% initial heavy isotope mass.
Reprocessing losses for fuel cycle RP1.2 were assumed to be the same as for
fuel cycle RP1.1 (i.e. 0.3% for uranium, 0.5% for plutonium and 5% for
neptunium and americium).

'Front-end' stages
The application of fast reactor technology to recycle plutonium (and minor
actinides) implies that improvements can be made in the utilisation of uranium
resources. This in turn implies reductions in the radiological impacts associated
with the mining and milling of uranium ore. The cumulative ore requirements
and requirements for a 'typical' steady state year for fuel cycles Rl , R3 and
RP1.2 are given below in Table 4. The data in Table 4 clearly shows that
significant reductions in the radiological impact associated with the mining and
milling stage of the fuel cycle can be achieved in the long term (see steady state
column) through the application of fast reactor technology. However, the 100
year period considered in [1] is too short to achieve large decreases in the
cumulative uranium ore requirements (and hence the radiological impact).
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Table 4:
Fuel cycle

Rl

R3

RP1.2

Uranium ore requirements for fast reactor fuel cycles

Cumulative Uranium Ore
Requirements0 *

1 400 000(100%)

1 020 000 (73%)

1020 000 (73%)

Uranium Ore Requirements in a
'Typical' Steady State Year*0

14 000(100%)

4 000(28%)

4 000 (28%)

(1) Values in metric tons. Figure for Rl estimated on data given in [1]. Figures for R2 and
RP1.1 taken from [1].

As for the evolutionary options with LWRs, the radiological impact associated
with the fuel fabrication stages of the fast reactor options is likely to be greater
than for the 'once through' fuel cycles. However, the increased impact
associated with these stages will have little effect upon the radiological impact
associated with the fuel cycle as a whole.

Electricity Generation
In [1] it is assumed that the fast reactor used at the electricity generating stage
for fuel cycles R3 and RP1.2 is based upon the European Fast Reactor (EFR)
design. The EFR is still in the design phase and to date very limited operating
experience exists for fast reactors of any design. Therefore, a detailed
assessment of the comparative (i.e. with LWR operation) radiological impact of
FBR operation is not possible. However, it is possible to make a number of
general statements. Firstly, assuming that the FBR is considered primarily as an
electricity generating technology then the discharge limits set for the FBR plants
are not likely to differ significantly from those set for LWR plants of similar
electrical output. That is, the radiological impact associated with FBR operation
will be subject to similar constraints as the impact associated with LWR
operation. Secondly, it is probable that the radiological impact associated with
FBR operation will largely be due to releases of fission products. The
radiological impact associated with FBR operation in the two fuel cycles R3 and
RP1.2 can therefore be assumed to be the same. Finally, the limited quantity of
minor actinides (3%) added to the FBR fuel in fuel cycle RP1.2 is such that the
FBRs can be operated within the existing safety margins [3]. That is, any
differences between the accident source term spectrum for LWR and FBR
operation will be more significant than the differences between fuel cycles R3
andRP1.2.

Reprocessing
In [1] it is assumed that the used FBR fuel will be reprocessed in a separate
reprocessing plant. There is no information given in the literature on the
possible radiological impact associated with such a plant. The reprocessing of
used FBR fuel is not considered further in this study.

Waste disposal
The 'waste' inventories for the two fast reactor options considered in [1] are
given in Table 5. For comparison the 'waste' inventory for fuel cycle Rl is also
given. As for Table 3, the 'waste' inventories only cover the material losses
from the fuel fabrication plants and the vitrified wastes from the reprocessing
plants (or the irradiated fuel elements for direct disposal for fuel cycle Rl).
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Table 5: Waste inventories for fuel cycles Rl, R3 and RP1.2

Fuel cycle

Rl

R3

RP1.2

Pu

1870

23

23

Radionuclide Masses (t) in Waste in year 2 l66 ( i r

Np

140

94

11

Am

310

250

24

Cm

6

40

54

(1) All data taken from [12].

It is generally thought that plutonium may be recycled an unlimited number of
times in FBRs. It is therefore possible in a mixed LWR/FBR reactor park that the
plutonium 'consumption' could be brought into equilibrium with plutonium
production [3]. This 'equilibrium situation' is in contrast to fuel cycle R2
(plutonium recycling in LWRs) where the excess used MOX fuel at each cycle
was assumed to be placed in interim storage. Additionally, plutonium recycling
in FBRs does not lead to an increased production of americium (see Table 5).
These two facts imply that the total long term inventory of 237Np is significantly
less for fuel cycle R3 than for fuel cycles Rl or R2. Further gains are obviously
possible when americium and neptunium are separated and recycled (fuel cycle
RP1.2). Neither of these fuel cycles significantly changes the quantities of the
other radionuclides which are important in determining the long term
radiological impact associated with the waste - the fission products "Tc, 129I
and 135Cs.

The potential impact of altered evolution scenarios should also be more
favourable for FBR based fuel cycles than for 'once through' or evolutionary
LWR based fuel cycles. For fuel cycles R3 and RP1.2 a reduction in the total
cycle inventory of plutonium and americium with respect to fuel cycles R2 and
RP1.1 can be achieved. For both fuel cycles this inventory is always lower than
that for Rl (from 0 to 25% and from 0 to 50% lower for fuel cycles R3 and
RP1.1 respectively over the period to 10,000 years). Since FBR based fuel
cycles offer the possibility of an 'equilibrium situation' it is also reasonable to
consider the reduction in the 'waste inventory': Over the same period
reductions of 30 to 80% and 40 to 90% are achievable for R3 and RP1.2
respectively.

There are still significant uncertainties to be resolved with respect to fast
reactors and actinide burning: e.g. it is not yet fully understood how much
minor actinides can be destroyed in fast reactors [13]. The CAPRA programme
should provide more certainty on these issues. The objective of the CAPRA
programme is to demonstrate the feasibility of a fast reactor whose net burning
of Pu would be as high as possible and which could, moreover, contribute to the
destruction of minor actinides [14].

Evaluation of fuel cycles
The normalised radiological impact associated with the FBR cycles is likely to
be lower than that associated with the evolutionary LWR cycles. This will
certainly be the case if the normalised radiological impact associated with the
electricity and reprocessing stages for the FBR cycles is similar to that for the
LWR cycles. The lower uranium ore requirements for the FBR cycles have a
positive effect on the normalised impact on the regional scale. Due to the
importance of the reprocessing stage in total radiological impact, the
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normalised radiological impact associated with the FBR cycles is likely to be
higher than that associated with the 'once through' without reprocessing cycle.

3.4 Fission Product Transmutation

General description of fuel cycle
In [1] the only fuel cycle in which the P&T of long-lived fission products is
considered is fuel cycle RP2. This fuel cycle assumes major technological
breakthroughs in reprocessing techniques by the year 2030. From 2030 onwards
reprocessing technologies are assumed to be available to separate the actinides
(including curium) considerably more efficiently than the existing technologies.
It is also assumed that technologies are available to separate the fission
products "Tc and 129I. Reprocessing losses of 0.1 % for uranium and plutonium,
0.5% for neptunium, americium and curium, and 10% for technetium and
iodine were assumed. In this fuel cycle the reactor park consists of LWRs
fuelled with UOX and FBRs fuelled with recycled plutonium. The FBRs are used
to incinerate the neptunium homogeneously and americium, technetium and
iodine heterogeneously (i.e. in the form of targets). The curium is not recycled
but placed in interim storage.

It should be emphasised that this fuel cycle is the only fuel cycle in which
significant changes in the waste inventory of the fission products "Tc and 129I
can be achieved. This is because this inventory is not significantly effected by
the reactor type (i.e. LWR or FBR) or by the fuel composition (e.g. plutonium
recycling). Although fuel cycle RP2 assumes improved separation of actinides
and different transmutation modes to fuel cycle RP1.2, the discussion below
concentrates on the effect of fission product transmutation on the radiological
impact.

Reactor physics calculations have been performed for the transmutation of
fission products in a wide range of reactor types [3]. This transmutation occurs
most efficiently in reactors with a high neutron flux (e.g. high flux research
reactors, CANDUs or high flux fast reactors). For all reactors however the
transmutation half-lives will be long. For example, for "Tc the transmutation
half-lives are approximately 15 years, 25 years and greater than 40 years for
fast reactors, heavy water reactors and LWRs respectively [3]. In the framework
of the fuel cycles considered in [11 fast reactors clearly offer the most potential
with respect to fission product transmutation.

Waste disposal
The 'waste' inventories for fuel cycle RP2 and fuel cycle Rl are given in Table
6. As for the similar tables presented in Sections 3.2 and 3.3 this waste consists
principally of losses from the reprocessing plant.

Table 6:

Fuel cycle

Rl

RP2

Waste

Pu

1870

7

inventories for fuel cycles Rl andRPl
Radionuclide Masses (t) in Waste in year 2100 a r

Np Am Cm Tc I

140 310

7 11

6

10

200

90

52

30

I35Cs

250

250

Nojej,
(1) All data except for Cs taken from [ 12]. Cs data estimated from [ 15]
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Table 6 shows that moderate reductions in the 'waste' inventory of the
radionuclides "Tc and 129I can be achieved under the conditions assumed for
fuel cycle RP2. Such reductions can be coupled to a decrease in the expected
long term radiological impact. However, this decrease is not simply
proportional to the reduction in the "Tc and 129I inventory. Analyses for normal
evolution scenarios for waste repositories in rock salt predict that no
radioactive material will be released to man's immediate environment in the
first few 100,000 or millions of years [15]. A significant amount of the wTc
(half-life 240,000 years) will have decayed before such releases take place.
Additionally, no attempt is made in fuel cycle RP2 to separate and transmutate
135Cs. This long lived fission product is expected to make a significant
contribution to the radiological impact associated with waste repositories in all
host rocks [15].

Evaluation of fuel cycle
The separation and transmutation of the fission products "Tc and 129I (in
particular, when the reduction in the 237Np inventory achieved with fuel cycle
RP2 is also taken into consideration) may lead to a reduction in the long term
radiological impact associated with the disposal of high level radioactive
wastes. The recycling of the long-lived fission products "Tc and l29I is unlikely
to have any significant impact on the radiological impact associated with any
other stages of the nuclear fuel cycle. The fact that fission product
transmutation costs energy (i.e. neutrons) implies a slightly higher uranium ore
requirement than for an identical fuel cycle without fission product
transmutation.
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Once through fuel cycles
The radiological impact incurred over the period up to several 100,000 or
million years associated with the 'once through' nuclear fuel cycles is
dominated by the mining and milling, electricity generation and (for the
'reprocessing without recycling' cycle) reprocessing stages. During this period
the radiological impact associated with potential altered evolution scenarios for
radioactive waste repositories could also contribute to the impact. The
normalised radiological impact over this period associated with the
'reprocessing without recycling' cycle is significantly higher than that
associated with the 'once through' without reprocessing. This is because the
global impact is dominated by releases from the reprocessing plant. Over longer
time scales the radiological impact associated with the final disposal stage of
the cycle becomes important. The general consensus is that reprocessing waste
forms will perform at least as well if not better than spent fuel. The possibility
to optimise the waste form with respect to the objectives of final disposal
depends only upon partitioning and not upon transmutation. For both 'once
through' fuel cycles the depleted uranium from the enrichment stage has to be
disposed of in a responsible manner.

Partitioning and transmutation fuel cycles
In Chapter 3, the radiological impacts associated with the stages in a number of
P&T based fuel cycles have been assessed in comparative terms using the once
through fuel cycles as reference. The results of this comparison are summarised
in Table 7 below; a detailed comparison of the radiological impact associated
with a particular fuel cycle is given in Chapter 3.

Table 7:

Fuel Cycle Stage

Comparative Radiological Impact Analysis

Scenario

evolution options - LWRs Fast Reactor Options

R2 RP1.1 R3 RP1.2

FP
recycling

RP2

Mining & milling

Fuel fabrication -

Electricity gen. 0 0 (0) (0) (0)

Reprocessing - . (-) (-) (-)

Waste disposal 0 0 0/+ + +

Transportation Q

Increase expected in radiological impact associated with stage.
+ Decrease expected in radiological impact associated with stage.
++ Significant decrease expected in radiological impact associated with stage.
0 No significant change expected in the radiological impact associated with stage.
( ) Brackets used for results with relatively large uncertainty.

The radiological impacts associated with the different stages in nuclear fuel
cycles are incurred by different population groups (e.g. regional and global
populations) and over different timescales. In Section 3.1 a description of the
nature of the radiological impact associated with the stages in the 'once
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through' cycles is given. The adoption of P&T technologies may lead to a shift
in the distribution (i.e. with respect to population group and timescale) of the
radiological impact associated with the fuel cycle as a whole. In order to give a
detailed picture of this shift a detailed quantitative analysis would be necessary.

Evolutionary LWR cycles do not appear to offer major gains with respect to the
radiological impact at either the front end or the back end of the fuel cycle. At
most a reduction of approximately 15% in the uranium ore requirements with
respect to the 'once through' cycles can be achieved. The recycling of
plutonium only in LWRs will not have a favourable impact on the radiological
impact associated with the final disposal stage of the fuel cycle. If in addition
americium and neptunium are recycled, then the impact of disposing of the
cycle wastes will be lower than that from the 'reprocessing without recycling'
option.

The recycling of plutonium in FBRs implies that a significant reduction (i.e. a
factor four) in the amount of uranium ore required once the cycle has reached
an 'equilibrium' situation can be achieved. This can be assumed to have a
proportional effect upon the radiological impact associated with the front end
of die fuel cycle. However, it takes a long time before equilibrium is reached,
and the reduction in uranium ore requirements obtained over a 100 year period
is only around 50%.

Additional reprocessing of the minor actinides in FBRs implies that significant
reductions in the actinide inventory over the relative near future (i.e. isotopes of
plutonium and americium) and the far future (i.e. neptunium) can be achieved.
The normalised radiological impact incurred over the first few 100,000 years
associated with fission product recycling is likely to be similar to that
associated with an identical fuel cycle without fission product recycling.
Fission product and minor actinide recycling in FBRs will lead to a significant
reduction in the inventory of some of the radionuclides which make a
contribution to the long term radiological impact. However, due to the fact that
the l35Cs inventory remains unchanged, the change in the long term radiological
impact associated with the high level waste will probably be small.
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5. Conclusions

In this report a comparative assessment has been made of the public
radiological impacts associated with a number of nuclear fuel cycles. The fuel
cycles analysed were based on the fuel cycles defined in [1]. In addition to two
'once through' cycles, five cycles which covered the recycling of plutonium,
minor actinides and fission products were analysed. The assessment of the
radiological impacts was carried out using data available in the open literature.
To date only a limited amount of information is available on the parameters
which are important with respect to the radiological impact associated with
advanced nuclear fuel cycles. The assessment of the radiological impact
associated with such cycles is therefore by necessity of a general nature. The
analysis presented in this report should therefore be seen as illustrative.

Based upon the analysis, the following conclusions can be drawn with respect
to the three categories of advanced fuel cycles considered in this study:

(1) Evolutionary light water reactor (LWR) cycles do not appear to offer
major radiological impact gains at either the front end or the back end
of the fuel cycle. At most a reduction of 15% in uranium ore
requirements (with respect to the 'once through' cycles) can be
achieved. This can be assumed to have a proportional effect upon the
radiological impact associated with the mining and milling stages of the
fuel cycle. It is unlikely that any major changes in the long term or
potential short term radiological impact from the wastes to be disposed
of could be achieved with these fuel cycles. In addition, it is unlikely
that the radiological impact associated with the electricity generating
stage will be significantly different for these cycles. This impact
depends primarily on plant design and management and can be limited
by legislation.

(2) The recycling of plutonium in fast reactors (FBRs) implies that a
significant reduction in the amount of uranium ore required (and hence
the radiological impact associated with the mining and milling stages)
can be achieved once the cycle has reached an 'equilibrium' situation.
Additional recycling of the minor actinides in FBRs implies that
significant reductions in the actinide inventory over the relative near
future (i.e. isotopes of plutonium and americium) and the far future
(i.e. neptunium) can be achieved. The reduction in the long term and
potential short term radiological impact will not be proportional to the
reduction in the actinide inventory. For the long term impact this is due
to the fact that the quantity of fission products, which contribute
significantly to this impact, remains unchanged. For the short term
impact this is due to the nature of the impact. The radiological impact
associated with the electricity generating stage may change due to the
use of a different reactor technology.

(3) The normalised radiological impact incurred over the first few 100,000
years associated with fuel cycles incorporating fission product recycling
is likely to be similar to that associated with identical fuel cycles
without fission product recycling. Fission product and minor actinide
recycling in FBRs will lead to a significant reduction in the inventory of
some of the radionuclides which contribute to the long term radiological
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impact. However, several performance assessments for radioactive
waste repositories show that the radionuclide 135Cs makes the single
most important contribution to the long term radiological impact
associated with the repository. The schemes proposed to date for fission
product recycling, in particular the fission product recycling fuel cycle
considered in this study, do not affect the inventory of this radionuclide.

Based upon the above conclusions, the general conclusions can be stated as
follows:

(1) The normalised radiological impact, when measured in integrated
collective dose, associated with the 'recycling' fuel cycles will not be
significantly different from the 'reprocessing without recycling' fuel
cycle.

(2) The major benefit with respect to the radiological impact associated
with P&T fuel cycles will probably be the reduced impact associated
with the mining and milling stages. This is a long term impact.

(3) Possible drawbacks associated with P&T based fuel cycles include a
higher short term radiological impact associated with the fuel
fabrication, reprocessing and transport stages. It is reasonable to assume
that any increase in these impacts will be limited by legislation
(e.g. release limits) and will therefore not be significant.
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