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FOREWORD

Due to the delays worldwide in the development and starting up of fast breeder
reactors (which require large amounts of plutonium at startup) and the ongoing
reprocessing of spent fuel (which produces separated plutonium), significant quantities of
separated plutonium are being created. An Advisory Group meeting was held in April 1993
to consider this situation. The meeting had two primary objectives: to determine the
magnitude of the plutonium accumulations and to identify potential problems related to this
accumulation of separated plutonium.

IAEA estimates of present and projected inventories of separated plutonium were
presented and discussed. Then representatives of Member States presented data and
projections of national programmes for both production and utilization of separated
plutonium. In addition to the data, uncertainties in the production and consumption rates
and the resulting uncertainties in the inventories were discussed.

The IAEA estimate of the end 1992 inventories of separated plutonium was confirmed
but the IAEA estimate for the projected inventories was judged to be the upper limit of the
possible values of the worldwide inventory.

The success of this meeting was in part due to the able leadership provided by
Mr. H. Bay of Switzerland.
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SUMMARY OF THE ADVISORY GROUP MEETING

1. OVERVIEW

An Advisory Group Meeting on Problems Concerning the Accumulation of Separated
Plutonium was held in Vienna from 26 to 29 April 1993. Ten delegates and 16 observers
from 12 countries and one international organization attended. The aim of the Advisory
Group meeting was to assess the magnitude of the accumulation of separated plutonium
and to identify problems related to this accumulation.

A presentation provided the IAEA's estimate of the present worldwide separated civil
plutonium inventory and projections through 2005 {Table I and Figure 1 ). The assumptions
underlying these projections are given in Table II. The country representatives then
presented their national reports. These reports gave a synopsis of each country's nuclear
status including the inventories of separated civil plutonium at the end of 1992 and
projections of future reprocessing separation rates and utilization rates both for MOX fuel
in thermal reactors and plutonium fuel in fast reactors. The year end total inventory is
shown in Table III.

A working session organized the country data into a common format, and the data
were then used to generate projections of future reprocessing and utilization rates as well
as quantities of separated plutonium (see Figure 1). The assumptions underlying these
projections are presented in Table IV and the uncertainties are described in Table V.

These projections were critically reviewed, leading to further refinement of the input
data. At this point the Advisory Group split into two parts — one to refine data and
projections and the other to draft observations, conclusions and recommendations. The
whole Advisory Group subsequently reconvened to review and analyse the revised
projections of quantities of separated plutonium. This discussion was vigorous and direct
— particularly raising the issue of the 'appropriateness' of a single projected value for
future separated plutonium. Further discussions led to a consensus that the projections
should be accompanied by a descriptive narrative on forecast uncertainties but that no
upper or lower bound to generation rate, utilization rate, and inventories should be
generated. Some quantitative figures were included in the narrative.

TABLE I. SEPARATED 'TOTAL' PLUTONIUM INVENTORIES (end 1992)

Owner

United Kingdom

Japan

Belgium

USA

Russian Federation

France

Germany

India

Switzerland

Netherlands

Location

United Kingdom

Japan, France

Belgium, France

USA

Russian Federation

France

Germany, Belgium, France

India
France

France

Total inventories: 87 tonnes
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FIG. 1. Total plutonium balance.

TABLE H. ASSUMPTIONS FOR IAEA PLUTONIUM PROJECTIONS

- Reprocessing and MOX facilities experience less than full capacities during initial
startup (learning effects).

THORP plant begins operation in 1993.

- Existing Hanau MOX fabrication plant does not resume operations; new Hanau MOX
fabrication plant starts in early 1994.

- Reprocessing throughput through 1999 determined by in-place contract data.
Reprocessing throughput after 1999 estimated by assuming country by country
reprocessing rates remain constant.

Fast reactor consumption is negligible over the time period examined.

A sensitivity analysis was made to determine the effect on separated plutonium inventories
if the new Hanau MOX fabrication plant does not operate. In this case it was assumed that
Germany would stop having its spent fuel reprocessed. Under these conditions, the
reduction in Pu separation rate nearly balances the reduction in Pu use rate. The maximum
Pu inventories occur one year later and are about 8 metric tonnes larger.

The methodology used to generate the two projections shown in Figure 1 is the same.
The initial (end 1992) inventory for both projections was developed from data provided by
the experts at this AGM. In each subsequent year, the plutonium separated in that year
was added to the prior year's inventory and the plutonium utilized in that year was
subtracted to derive that year's ending plutonium inventory. The differences in the
projections arise from differences in input data. For example, the IAEA projection assumes
no fast reactor plutonium consumption, while the estimates from Member States utilize 2.5
to 8.6 tonnes of plutonium annually in fast reactors. Also, the IAEA projection included no
utilization of the plutonium separated in India. As these projections are refined and
updated, it is expected that they will converge.

The final session of the Advisory Group meeting focused on the drafting of the
Observations, Conclusions and Recommendations, which is one of the final meeting
products. This discussion was also lively with many views expressed. The group finally
reached a consensus which is given in Section 2 below.
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TABLE ill. YEAR END INVENTORY OF TOTAL SEPARATED PLUTONIUM (tonnes)
Year
1992;
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005

AGM projection
87
92
102
111
116
117
110
95
78
57
37
15

IAEA projection
87
100
115
131
145
154
157
160
160
157
154
149
141
132

2. RESULTS

The Advisory Group wishes to note that only plutonium from civil nuclear programmes
is considered in the following.

2.1. Observations

Production of plutonium is a result of nuclear power generation. The plutonium
produced as a result of nuclear power generation is a constituent of spent fuel. There
are at present, two broad plutonium management strategies worldwide. One strategy
regards plutonium as waste that is best retained in spent fuel in long term storage or
in future final disposal in deep geologic formations. The second strategy sees the
recovered plutonium and uranium in spent fuel as a valuable resource that will be vital
in the future with advantages for waste management.

For those countries that have committed to reprocessing, the quantity of fuel to be
reprocessed over the next ten years or so has been defined by existing contractual
obligations.

Worldwide over the next several years it is envisaged that the separation rates of
plutonium through reprocessing will exceed plutonium use rates. The slower than
anticipated deployment of plutonium utilization facilities underlies the buildup of
separated plutonium. Some storage of plutonium, including existing inventories, is
needed.

However, each of the principal countries engaged in the separation or receipt of
commercial plutonium arising from reprocessing has adopted a strategy to use or
promote the use of the plutonium rather than store the plutonium. As a result of these
strategies, projections show that a decrease in the quantities of separated plutonium
will commence later this decade.

Over the near to middle term, quantities of separated plutonium will be principally
controlled by increased MOX use in thermal reactors. In addition, some countries seek
to pursue a principle that would limit the quantities of separated plutonium to the
level required to implement recycling programmes. Future technologies such as fast
reactors may also aid in managing quantities of separated plutonium.



TABLE IV. MEMBER STATES' FORECAST ASSUMPTIONS

Major assumptions

Major assumptions underlying these projections, are

- Full capacities of reprocessing MOX fabrication facilities are throughput when
operating;

- THORP plant begins operating mid-1993,
- Hanau plant begins operating mid-1993 with existing plant and end 1994 with new

plant;
- Fast reactor plutonium consumption is

1 7-2 t/year in France (2 0 in 1996)
06-16 t/year in Japan (1 6 in 1999)
01-50 t/year in Russia (5 0 in 1998)

Detailed assumptions

The assumptions in this analysis are primarily in the form of

- Plutonium separation rates (reprocessing of spent nuclear fuel (SNF) times the
plutonium recovery rate per unit of SNF reprocessed),

- MOX fabrication rates (including throughput at MOX fabrication facilities times
plutonium content in fuel), and

- Utilization rates of plutonium in fast reactor fuel (usually expressed as tonnes
plutonium/year).

The data was provided by country representcitives and has not been critically reviewed
The data do not appear to include effects of technical or political uncertainties The data
were provided on a year by year basis — separated plutonium inventories at the end of
1992, and production — utilization rates yearly from 1 993 to 2005 — for each country
Those data are summarized below

Country data

Belgium
Separation rate none

Utilization rate MOX 30-80 t/year, 4-6%

China
Separation rate 110 t/year after 1 998, 6 6 kg/t
Utilization rate none

France
Separation rate 1075-1 650t/year, 5 0-6 8 Kg/t
Utilization rate MOX 9-1 95 t/year 3 7 - 5 5 %

FR 1 7-2 0 t/year

Germany
Separation rate none
Utilization rate MOX 1-120 t/year, 2 9-5 1 %

FR none

India
Separation rate reprocessing of TAPS fuel being negotiated with USA and RAPS fuel

being done under IAEA safeguards2-6 7 kg/t
Utilization rate to consume all plutonium separated

Japan
Separation rate 80 - 830 t/year, 5-6 kg/t
Utilization rate MOX 01-4 6 t/year

FR 06-1 3 t/year

Russian Federation
Separation rate 150-1150t/year, 6 0 kg/t
Utilization rate MOX 0-1 50 t/year, 4%

FR 1-20 t/year, 25%

United Kingdom
Separation rate 782-1 640t/year, 2 1-6 7 kg/t
Utilization rate MOX 5-1 20 t/year, 3 7-5 5%
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TABLE V. UNCERTAINTIES IN PROJECTIONS OF SEPARATED TOTAL PLUTONIUM
INVENTORIES

The uncertainties in separated total plutonium inventories fall into several general classes.
They are:

Technical uncertainties:

start dates of facilities,
actual throughput in any one year (capacity factor).

These uncertainties tend to be small.

Economic uncertainties:

• energy demand,
• costs (natural U, SWU, reprocessing, MOX fabrication, etc.),
• international economic climate.

In some countries these uncertainties are the most important.

Political uncertainties:

• There are significant uncertainties — primarily of the political sort — associated
with the projections of separated plutonium.

• Thirty years ago it was projected that the USA would have 1000 operating
reactors in the year 2000 — primarily plutonium burning FBRs.

• National policy on reprocessing and Plutonium (or changes in national policies in
such matters) with regard to non-proliferation.

• Actions by national licensing authorities (or inactions by licensing authorities).

• National policy response to changes or perceived changes in public opinion.

The political uncertainties appear to provide the largest effect in the near term while in the
longer term, the economic uncertainties tend to have, in most countries, the largest effect.
They are also the most difficult to anticipate and deal with. Because of their magnitude,
they tend to be the most important.

France

The national policy is recycling plutonium. The reprocessed fuel until 2000 has been
defined by existing contractual obligations. At the end of the century, the French
reprocessing capacity of UP2 and UP3 will be 1600 t/year.

The yearly fabrication of MOX fuel will be at least 1501 before the end of the century. The
effective throughput (up to 195 t/year} will depend on the demand from the utilities from
abroad.

Germany

If the German MOX fabrication plant at Hanau does not operate (the German
reprocessing contracts are fixed) through 2002:

• Fabrication of 835 tonnes of MOX fuel will be lost.

• The plutonium content of this 'lost' fuel would be 36 metric tons fissile
plutonium (52 t total Pu}.

• The worldwide inventory of separated Pu would be increased by these
amounts (assuming that other circumstances are the same).

Russian Federation

The main uncertainties in the future Russian plutonium management policy are:

1. Timely construction and commissioning of the BN-800reactors in the South Urals and
the Beloyarskaya NPPs to the years 1 998-2000. Schedule for construction of
Complex-300 FBR fuel fabrication facility for BN-800 cores.

2. Completion of construction and commissioning by the year 2005 of RT-2
reprocessing plant for WWER-1000 spent nuclear fuel reprocessing and associated
MOX fuel fabrication facility for WWER-1000 reactor cores.
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TABLE V. (cont.)

3. Availability of large investments for completing those facilities (economic issue].

4. Availability of WWER-1000 reactors (licensing) for MOX fuel utilization (political
issue).

Japan

Japan's plutonium utilization will be promoted in accordance with the programmes which
were made by the Atomic Energy Commission Advisory Committee on Nuclear Fuel
Recycling in August 1991. The uncertainty is the realization of this programme (e.g.
construction of the Demonstration Fast Breeder Reactor (DFBR) and Demonstration
Advanced Thermal Reactor (DATR), which will be in operation after 2000, commencement
of utilization of plutonium by LWRs in the mid-1990s). However, it is a national principle
that Japan will not possess plutonium beyond the amount required to implement its nuclear
fuel recycling programmes, so even if the construction is delayed, the separated plutonium
inventories will not be increased.

Although the following three subjects were not specifically addressed at the meeting,
the Advisory Group wishes to note that:

• Safeguards systems are in existence for the nuclear fuel cycle which appear
satisfactory for addressing the anticipated near term growth in the quantities of
separated plutonium,

• The risks and hazards associated with plutonium storage, transport and handling
are well understood and the technology is available to conduct these activities for
the next twenty years. Some industrial facilities are now in operation and have
been operating for many years.

• The principal technologies for safely using plutonium in reactors are available and
currently in use.

• Plutonium use in thermal reactors does raise long term issues that must be
addressed, particularly the implications of multiple MOX recycle — the build-up of
minor actinides, the change in plutonium isotope distribution, etc.

2.2. Conclusions

Although quantities of separated plutonium will grow over the next several years,
national strategies, when implemented, will result in a subsequent reduction in the
quantity of separated plutonium worldwide.

The principal technologies are available to reduce the quantities of separated
plutonium.

Implementation of the national strategies which would lead to reductions in the
quantities of separated plutonium is linked to public perception. The perceived public
concern regarding growing quantities of separated plutonium is divergent from the
technical view that there are existing technologies capable of safely and securely
using and handling plutonium. National strategies are in place in many countries to
control the quantities of the separated plutonium.
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CHINA'S NUCLEAR POWER PROGRAMME
AND THE PROJECTED PRODUCTION AND
CONSUMPTION OF PLUTONIUM

Qiusheng LIU
Beijing Institute of Nuclear Engineering,
Beijing, China

Abstract

China's nuclear power programme is described. All of China's spent fuel will be reprocessed.
Primary use of the plutonium recovered will be in fast breeder reactors.

1. INTRODUCTION OF CHINA'S NUCLEAR POWER PROGRAMME

China's nuclear power programme was launched in the early nineties. Qin Shan
nuclear power plant with a prototype 300 MW(e) PWR in Zhejiang Province has been in
operation since 1991. The design of the second phase of the project which includes two
600 MW(e) PWRs is completed and is now being examined by the authorities concerned
for approval.

The construction of Daya Bay nuclear power plant with two 900 MW(e) PWRs comes
near completion. One of the PWRs will be put into operation in September and the other
in March 1994.

The project of Liaoning nuclear power plant consisting of two 1000 MW(e) reactors
has been planned and the feasibility study is being undertaken. In addition, some other
provinces have also shown interests in nuclear power and the early stage work is
undergoing.

According to China's nuclear power programme, the total installed capacity of nuclear
power will reach 6 GW(e) by the end of this century. It is predicted that the pace of
increase in nuclear power will be even greater in the beginning of the next century. My
estimate of the installed capacity by the year 2015 would come to 30 GW(e).

2. ESTIMATED PRODUCTION OF PLUTONIUM AND SPENT FUEL

The spent fuel and produced plutonium will continue to increase while China's nuclear
programme is advancing.

TABLE I. PROSPECT OF ANNUAL ARISINGS AND ACCUMULATION OF SPENT FUEL AND
ITS PLUTONIUM CONTENT IN CHINA UNTIL 2015

Year

Nuclear installed capacity (GW(e))

Spent fuel

Pu content

Annual arisings (t HM)

Accumulation (t HM)

Annual (t)

Accumulation (t)

1995

2.1

60

100

0.5

0.9

2000

6.0

140

500

1.2

4.5

2005

12.0

300

1 7OO

2.7

15.3

2010

20.0

450

3600

4.0

32.4

2015

30.0

750

6800

6.7

61.2
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The figures given in Table I contain some uncertainties since they are based on the
nuclear power programme, the realization of which depends on many factors, such as
China's economic and social conditions and its developing strategy. Therefore, the figures
could be higher or lower.

3. REPROCESSING OPTION AS THE BACK END OF NUCLEAR FUEL CYCLE STRATEGY

Based on China's concrete conditions and in order to make the best use of nuclear
resources and to dispose nuclear waste with a view to protecting the environment, China
has opted for a reprocessing strategy for the back end of the nuclear fuel cycle. All spent
fuels from nuclear power plants or from various research reactors will be reprocessed.

For this purpose, it is necessary to construct a central wet spent fuel storage facility
(CSFS) away from reactors to provide buffer storage of spent fuel for the reprocessing
plants. The CSFS, at the first stage, will have a storage capacity of 5001 HM by the end
of this century. Meanwhile, a nearby pilot reprocessing plant with a throughput of 300 kg
HM/d will be constructed and put into run about the same period.

A larger scale reprocessing plant with a throughput of 4001 HM/a will be built around
2010 while the CSFS will expand its storage capacity up to 1000 t HM. Therefore, all
civilian plutonium will not be reprocessed and will remain in spent fuel stored in individual
reactor pools until the end of this century.

4. POLICY ON PRODUCT FORMS, STORAGE, UTILIZATION AND TRANSPORTATION OF
PLUTONIUM

The recovered plutonium will be mainly used in fast reactors in China. There are two
technological ways to fabricate MOX fuel. One is from plutonium nitrate Pu(NO3)4 and
uranyl nitrate UO2(NO3)2 solutions, the other from the mixture of prefabricated plutonium
dioxide and uranium dioxide powder. MOX fuel fabricated by the latter technology, after
irradiation, possesses indissoluble trend in concentrated nitric acid. This would cause some
difficulty for the spent MOX fuel reprocessing process and purification process from
americium-241 for aged plutonium products.

The plutonium nitrate solution has some chemical instability and corrosiveness. This
would cause problems in transportation. So, the MOX fabrication plant will be built in the
vicinity of the reprocessing plant. Therefore, the transportation could be simply done with
pipe connecting between the two plants.

5. THE FAST REACTOR PROGRAMME

China's FBR development plan has been included in the national development
programme for high science and technology. FBR development is divided into three steps:

First step: The experimental FBR with a thermal capacity of 65 MW( 25 MW(e)) will be
constructed by the end of century, its fuel load will be about 450 kg of
heavy metal, consisting of 27%(w/w)of civilian plutonium(76% Pu-239) and
73%(w/w) of 30% enriched uranium.

Second step: Construction of a module FBR will be completed beyond 2010.

Third step: A large scale FBR with a capacity of 1000-1 500 MW(e) will be put into

commissioning around 2025.

It may utilize plutonium alloy fuel for the module and largescale FBRs with a capacity
of 1000 MW(e). Their initial load in the reactor cores would be 2.5 and 7.5 of plutonium
and the annual additional amount of plutonium would be 1.24 t and 1.76 t respectively.
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INDUSTRIAL REPROCESSING AND
RECYCLING IN FRANCE: AN EFFECTIVE
PLUTONIUM MANAGEMENT METHOD

D. GERSTER
DCC, Centre d'études nucléaires,
Gif-sur-Yvette

H. DE LONGEVIALLE, P. LUCAS
COGEMA,
Vélizy

France

Abstract

The paper describes the commercial facilities required for plutonium recycling. It presents the
status of the French plutonium fuel cycle facilities in operation or under construction, including the
quantities of materials treated to date and the current and anticipated capacity for the coming years.
The French policy on plutonium management, including loading uranium oxide and
uranium-plutonium oxide fuels in light water reactors over the coming years, is also described.
Finally, French research and development relating to plutonium management, particularly with
respect to advanced reactors, is presented.

INTRODUCTION

Long term use of nuclear energy implies recycling. A 'once-through' fuel cycle would
put worldwide natural uranium reserves on a par with oil resources. Not only would this
deplete limited natural resources, it goes against the trend toward recycling spurred by
concerns about environmental protection in which nothing is disposed of as waste until its
reusable materials have been recovered and recycled.

As uranium oxide fuel is burned in light water reactors it generates plutonium. The
only effective method of preventing the build-up of plutonium inventories is to take
advantage of the fissile quality of plutonium in nuclear reactors. Depending on the desired
outcome, plutonium inventories can be increased, stabilized or decreased, each of which
involves a different fuel management method, both in the reactors and in fuel cycle
facilities.

Since the world's most prevalent reactor type is the light water reactor, the most
readily available method of reducing plutonium inventories is to recycle plutonium into fuel
for these reactors. Another method will consist of improving the way that advanced
reactors, including the fast reactors, generate or consume plutonium.

France has the full range of plutonium recycling facilities in operation or under
construction: plutonium generation in pressurized water reactors, domestic capability to
use plutonium fuels within the pressurized water reactors, fuel fabrication facilities and
plutonium separation at reprocessing plants.

The fuel cycle facilities offer plutonium fuel related services to Electricité de France,
the French national electric utility, and to foreign utilities. All these services are done under
Euratom and International Atomic Energy Agency safeguards.

15



1. INDUSTRIAL FACILITIES FOR PLUTONIUM RECYCLING

Plutonium is generated in nuclear reactors. For its recycling in the power reactors,
facilities to fabricate plutonium-containing fuels and to separate plutonium from spent fuel
are necessary.

1.1. Plutonium generation

Plutonium is a fissile material produced by neutronic capture of the fertile 238U isotope
in nuclear reactors. Plutonium can be generated in nuclear reactors such as gas cooled
reactors (GCRs), light water reactors (LWRs) both boiling water reactors (BWR) or
pressurized water reactors (PWR) and fast reactors (FBRs).

For instance, a PWR which generates 1 TW-h of electricity using uranium oxide fuel
also generates 30 kg of fissile plutonium.

The plutonium content and isotopic composition in spent fuel depends on fuel type,
burn-up and cooling time. In a conventional fuel, approximately 1 % of the heavy metal
consists of plutonium with the following average isotopic composition:

238pu 239pu 240pu 241 pu 242pu

1.8% 57.8% 22.6% 12.2% 5.6%

1.2. Plutonium fuel use

Plutonium containing fuel was initially developed for both water reactors and fast
reactors. For the time being, the industrial facilities which can use plutonium fuel are
worldwide light water reactors.

The UOX fuel (uranium oxide fuel) used in PWRs and BWRs is made of uranium
whose content of the fissile 235U isotope has been enriched to 3 to 5%, depending on the
anticipated bum-up of the fuel.

In the MOX fuel (mixed oxide fuel), the fissile 235U isotope is replaced by the fissile
239Pu and 241Pu isotopes. Their content in the fuel are again dependent on the anticipated
burn-up but also on the isotopic composition of the plutonium.

Existing BWRs and PWRs are fully capable of recycling plutonium in the form of MOX
fuel, as has been demonstrated in several countries. So the existing industrial facilities are
not the impediment to plutonium recycling. The technical limitations are only the amount
of plutonium which can be accommodated in the core and the availability of certain
equipments such as monitoring equipment. There are also restrictions relating to reactor
licensing for MOX fuels loading.

1.3. Plutonium fuel fabrication

The principal type of plutonium containing fuel under fabrication today is the MOX
fuel made for the light water reactors.

MOX fuel is a mixture of plutonium and depleted or natural uranium. The amount of
plutonium depends on the anticipated bum-up of the fuel and on the fissile content of the
plutonium. For instance, the plutonium content of a MOX fuel assembly designed for a
33 GW-d/t HM burn-up and made with plutonium generated by a 33 GW-d/t HM UOX fuel
is approximately 5% of the heavy metal. In the next future the plutonium content will be
5 to 8%.
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The following steps are involved in plutonium fuel fabrication:

proportional blending of plutonium oxide and uranium oxide,
- micronization and blending of the powder,
- palletizing, sintering and grinding of the pellets,

rod fabrication (filling and pressurization),
fuel assembly.

1.4. Plutonium separation from spent fuel

Plutonium can be 'mined' from spent fuel much as valuable metals are mined from
ore. Its separation and purification is an important part of the nuclear fuel reprocessing
industry which currently use the PUREX process.

This process is now well mastered at an industrial scale. Plutonium recovery involves
the following operations:

- spent fuel shearing,
- dissolution and clarification of the dissolved fuel,

separation from fission products using liquid-liquid extraction,
separation from uranium using liquid-liquid extraction,
purification using liquid-liquid extraction,

- oxalic plutonium precipitation,
- conversion into plutonium oxide,
- conditioning of plutonium,

return to the owners.

1.5. Other facilities

For the industrial recycling of plutonium, other industrial units can be useful,
especially to uncouple the different steps of the fuel cycle as much as necessary. Those
operations can be the following:

- interim storage of plutonium oxide after reprocessing and before fuel fabrication,
interim storage of plutonium fuel after fuel fabrication and before reactor loading,
plutonium recovery from fuel cycle waste in order to strongly reduce plutonium
losses,

- americium removal from plutonium to eliminate 241Am generated by radioactive decay
of 241Pu.

2. FRENCH EXPERIENCE AND CAPABILITIES IN PLUTONIUM RECYCLING

France has a large experience in all industrial steps of plutonium recycling and
provides an efficient industrial capability in this area.

2.1. Plutonium generation

France has an installed generating capacity of 57 GW(e). Nuclear power plants
generated 320 TW- h in 1 992, that is approximately 75% of the country's electricity.

Three types of reactors exist in France:

natural uranium gas cooled reactors,
pressurized water reactors,

- fast reactors.
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As the gas cooled reactors French programme is to be shut down (only one reactor
is now in operation and it will be shut down soon), their contribution to the plutonium
production will not be taken into account in this paper.

Two fast reactors are available in France: PHENIX (250 MW(e)) and SUPERPHENIX
(1200 MW(e)). These reactors are prototypes designed to demonstrate the feasibility of
this reactor type and therefore do not generate significant amounts of electricity for the
national grid. The plutonium generated by this reactor type will also not be considered in
this paper.

The French pressurized water reactors under operation are:

34 PWRs of the 900 MW(e) series,
18 PWRs of the 1300 MW(e) series.

Five other reactors are under construction and four in the design stage.

As of the end of 1992, The French pressurized reactors generated approximately 80
tonnes of plutonium.

By the turn of the century, the French PWRs will have generated approximately 180
tonnes, at an annual rate of 10 tonnes.

2.2. Plutonium fuel use in French nuclear power plants

France passed through a decisive step in 1985 when EOF decided to recycle
plutonium in its PWRs. So now the French policy is to take advantage of plutonium through
recycling in the industrial reactors.

Among the French nuclear power plants, the French regulatory authorities have now
licensed 1 6 EOF 900 MW(e) reactors to load 30% of the core with MOX fuels. So far MOX
fuels have been loaded in five plants: St LAURENT B1 and B2, GRAVELINES B3 and B4,
DAMPIERRE 1. When new MOX fuel fabrication capacity comes on line after 1994, the
loading of MOX fuel in PWRs will increase significantly.

MOX fuel is currently licensed in France for a maximum bum-up of 39 GW-d/t in the
one third core management scenario. Developments in progress will lead to the use of
MOX in PWR at the performance level currently used for the most efficient enriched
uranium fuel, i.e. at average bum-up of 45 GW-d/t. In the interim a hybrid scenario (one
fourth refueling with UOX fuel, one third refueling with MOX fuel) will be implemented.

An additional 1 2 PWRs can use MOX fuel with no technical modifications. The future
N4 1450 MW(e) PWR series is designed to accommodate a 30% MOX core, in anticipation
of the widespread of advanced reactors such as fast reactors or more advanced water
reactors.

As of now, EOF has encountered no major difficulty in operating the current
generation of PWRs with MOX fuel.

At of the end of 1 992, 140 tonnes of MOX fuels have been loaded in the French EOF
PWRs, corresponding to approximately 7.5 tonnes of plutonium.

In the future, assuming average plutonium content of 5.5% of plutonium in the MOX
fuel, the 16 PWRs licensed for MOX will use approximately 7 tonnes of plutonium yearly.
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2.3. Plutonium fuel fabrication

COGEMA and BELGONUCLEA1RE are partners in plutonium fuel fabrication and
marketing through the COMMOX joint venture.

In France, the first plutonium fuels were fabricated for the PHENIX and SUPERPHENIX
power plants by the CFCa plant at Cadarache. This COGEMA plant is now primarily
dedicated to the fabrication of MOX fuel. The plant produced 9 t HM in 1 992, which will
rise to 1 5 t HM in 1993 and 35 t HM per year by the year 2000.

Following the decision to recycle plutonium in PWRs, COGEMA launched construction
of the MELOX plant at Marcoule with an annual throughput of 100 t HM, corresponding
to 5 to 8 tonnes of plutonium per year.

The MELOX plant will begin operating in 1995 at a anticipated production of 501 HM
for the first year, rising to its full capacity of 100 t HM per year in 1996, and increasing
gradually to approximately 1 601 HM around the year 2000.

The BELGONUCLEAIRE plants at Dessel include the 35 t HM per year 'PO' facility in
operation since 1973, and the 401 HM per year 'P1 ' facility scheduled to enter service in
1998.

Table I shows the anticipated throughput of these industrial facilities (CFCa facility,
MELOX and BELGONUCLEAIRE plants) for the coming years. These facilities will give
COGEMA access to approximately 280 t HM per year of MOX fuel fabrication capability
before the end of the century. In term of plutonium, assuming an average plutonium
content of 5.5% in MOX fuel, this production capacity represents a consumption of
approximately 1 5 tonnes of plutonium per year. These figures have to be compared to the
French plutonium separation capacity at the UP2 and UP3 plants which is 16 tonnes for
the reprocessing of conventional 33 GW- d/t UOX fuels.

TABLE I. CURRENT AND ANTICIPATED MOX FABRICATION CAPACITY
(in tonnes of heavy metal per year)

CFCA
MELOX
PO
P1

1993
15
O
35
O

1994
15
O
35
0

1995
20
50
35
0

1996
25
100
40
0

1997
30
120
40
0

1998
35
130
40
10

1999
35
15O
40
30

2000
35
160
40
40

COGEMA and EOF have an agreement whereby the former will separate plutonium
and produce a specific quantity of MOX fuel, and the latter will consume them in its power
generating reactors, thereby ensuring that the plutonium stockpile is only as large as is
necessary for commercial operations. For example, loading 16 PWRs 900 MWe with 30%
of MOX fuel at a burnup of 33 GW-d/tHM requires yearly approximately 1 20tHM of MOX
fuel.

By the end of 1992, 1 90 t HM of MOX fuels have been fabricated at the PO plant.

By the end of 1992, 1201 HM of plutonium-c ntaining fuels have been fabricated in
the CFCA plant including:

103 tonnes of FBR fuel,
11 tonnes of MOX fuel for French requirements.
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2.4. Plutonium separation from spent fuel

The French reprocessing industrial capability for spent fuels from PWRs and BWRs
is provided by:

- the UP2 plant at La Hague, which has a nominal capacity of 400 t HM/year through
1 994, and will thereafter reach 8001 HM/year through the UP2-800 upgrade project,
and
the UP3 plant at La Hague, which started up in the 1989-1 990 time frame, and
which has a nominal capacity of 800 t HM/year.

When the UP2-800 plant begins operation, the La Hague reprocessing complex will
have a total reprocessing capacity of 1600 t HM per year, giving COGEMA the largest
commercial capability for plutonium separation in the world.

This capacity represents, for conventional 33 GW-d/t UOX fuel, the separation of
approximately 1 6 t of plutonium per year. With a higher burn-up or for MOX fuels, the
same reprocessing global capability will correspond to a greater plutonium recovery.

In these plants, the PUREX process leads to a very high performance in plutonium
recovery:

More than 99.5 % of the plutonium contained in the spent fuel is recovered.

Impurities in plutonium product are less than 1 microCi/g (for a design and regulation
specification of 8^/Ci/g).

The annually reprocessed quantity of oxide fuel at UP2-UP3 plants is shown in
Figure 1.

Table II shows the projected throughputs of the plants through the end of the
century.

TABLE II. CURRENT AND ANTICIPATED REPROCESSING THROUGHPUT AT THE
LA HAGUE PLANTS (in tonnes of heavy metal per year)

UP2
UP3

1993
300
600

1994
65O
700

1995
850
800

1996
850
900

1997
850
900

1998
85O
900

1999
850
800

2000
850
800

At of the end of 1992, 4762 tonnes of fuel have been reprocessed in the UP2 and
UP3 plants including:

1 589 tonnes of French uranium oxide fuel,
4.5 tonnes of MOX fuel.

The UP2 commitments at the end of 1992 include 8156tonnes of French spent fuel,
corresponding to the separation of approximately 80 tonnes of plutonium.

2.5. Other facilities

As shown in the reprocessing and MOX fuel fabrication sectors, COGEMA adapts its
commercial service to its clients' needs. This will be further demonstrated by the americium
removal unit which is currently under project and will allow reprocessing and fuel
fabrication to be decoupled in terms of timing.
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COGEMA also intends to reduce the volume and the inventory of unusable wastes
and especially to recover the valuable materials such as plutonium. So specific units to
recover plutonium from transuranic wastes thereby reducing the presence of alpha emitters
in the waste prior to disposal, are presently under construction to achieve both goals.

3. MANAGEMENT OF THE FRENCH PLUTONIUM INVENTORY

As discussed above, EDF's policy of recycling plutonium into its conventional PWRs
is supported by substantial operating experience and industrial capability in plutonium
technologies and MOX fuel fabrication. Inherent in the plutonium recycling policy is
minimization of the plutonium inventory. As of the end of 1 992, the French inventory of
isolated plutonium was about 7 tonnes.

In the following sections, plutonium management through light water reactors
recycling in the form of MOX fuel will be presented, and future trends for even more
efficient plutonium management will be discussed

3.1. Near-term plutonium inventory management with MOX fuel

Table III shows the estimated additional amounts of plutonium entering inventory each
year for various existing PWR 1000 MW(e) scenarios.

TABLE III. PWR PLUTONIUM BALANCE SCENARIOS

Enriched uranium fuel
(UOX, 33 GW-d/t HM)

Enriched uranium fuel
(UOX, 45 GW-d/t HM)

70% UOX, 30% MOX
(33 GW-d/t HM)

Plutonium
balance

±260 kg/year

±230 kg/year

± 70 kg/year

As can be seen:

for the same amount of power, uranium oxide fuel generates less plutonium at a
higher bum-up,
by its negative contribution to the plutonium generation, the use of MOX fuel
significantly reduces the production of plutonium.

Figure 2 shows another perspective on plutonium and fission products production in
a closed fuel cycle vs an open one for the same level of power generation. A first
plutonium recycling in the closed cycle produces two canisters of high level vitrified waste
for disposal and one fuel assembly containing approximately 20 kg of plutonium, whereas
the open cycle produces eight fuel assemblies for disposal containing approximately 40 kg
of plutonium. The closed cycle therefore cuts plutonium generation by approximately half
and makes a significant contribution to plutonium inventory control through the use of
MOX fuel.

Furthermore, plutonium is disposed of as part of the spent fuel in the open cycle
scenario, whereas the plutonium contained in MOX fuel may be recycled again in the
closed fuel cycle. For this purpose, a successful campaign of MOX spent fuel reprocessing
has been conducted in 1 992 at La Hague.
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FIG. 2. Reprocessing/open cycle comparison.

In conclusion, the use of a combination of uranium oxide fuels and MOX fuels in a
closed fuel cycle is a first but decisive step towards controlling the buildup of isolated
plutonium.

3.2. Future trends in plutonium inventory management

Plutonium recycling in PWRs has been proven on an industrial level. This is without
any doubt a tremendous advantage.

The entire fuel cycle for one fuel assembly, including fuel fabrication, power
generation, reprocessing and recycling into new fuel, lasts approximately ten years.
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Therefore, although MOX fuel multiple recycling will be limited because of the isotopic
composition of plutonium, recycling will still be possible in unmodified PWRs for at least
30 to 40 years.

In the meantime, ways of optimizing plutonium recycling and inventory management
in the future are under study. R&D activities are focused primarily on modifying existing
methods, particularly with respect to retarding plutonium generation, and on finding new
methods for recycling, especially plutonium burning methods.

Methods of retarding plutonium generation in PWRs include:

- increasing the burn-up of uranium oxide fuels,
increasing the proportion of MOX fuels in PWRs, from 30 % to 40 % for example,

increasing the plutonium content in MOX fuels,
- running spectral shift or increased moderation PWRs loaded solely with

plutonium-containing fuel.

With respect to new recycling solutions, further research in France is focusing on the
use of fast reactors to:

- give a negative plutonium balance,
- produce high quality plutonium for future recycling, regardless their configuration

(breeder or burner),
- 'rectify' the isotopic composition of previously recycled MOX.

The estimated performance of the SUPERPHENIX reactor when operating in
accordance with reactor design criteria provides an example of this research. The core of
SUPERPHENIX can accommodate approximately 5 or 6 t of plutonium. Table VI gives the
estimated plutonium balance for various SUPERPHENIX operating scenarios.

TABLE IV. ESTIMATED PLUTONIUM BALANCE FOR SUPERPHENIX SCENARIOS

Breeder operation

Without blankets

Without blankets with additional optimization of the
core

Plutonium
balance

+ 200 kg/year

- 1 00 kg/year

- 300 kg/year

Additional research to be performed by CEA as part of the CAPRA project (increased
plutonium consumption in the fast reactors) aims at plutonium consumption levels of more
than 80 kg of plutonium per TW-h; the theoretical limit for plutonium consumption is
110kg per TW-h.

Those promising initial results have prompted additional studies and testing in areas
such as physics, fuel design, core management and nuclear safety. The numerous potential
solutions offer an interesting challenge for R&D programmes.
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PROPOSED RECOMMENDATIONS

The above considerations show that the effective management of plutonium inventory
does not rely mainly upon the numerical inventory at a certain date but relies upon the
following elements:

- the industrial capacity first to produce and then to recover and consume plutonium
when necessary and when requested by the end users of the product within industrial
plants and nuclear reactors,
the research capacity to propose and improve effective systems to recover, valorize
and consume plutonium.

So, from a French point of view, four main directions for thoughts and actions at the
International Atomic Energy Agency can be proposed:

- to go on registering data about plutonium in the world in the spent fuels, in the fuel
cycle plants, in the nuclear reactors, in the storage facilities;
to evaluate the existing technologies of plutonium management and to formulate
recommendations in order to use these possibilities to contribute from now to the
optimal management of plutonium;
to support R&D contributing to the management of plutonium, especially for the
reduction of the world stock, thanks to the development of new fuels, new reactors,
new processes in order to produce as much or more nuclear power while limiting the
amount of unused plutonium;

- to undertake a communication action towards the public to explain what is done,
especially at IAEA, in the field of management, control and safety of plutonium.

ABBREVIATIONS

BWR boiling water reactor
FBR fast reactor (breeder or burner)
GCR gas cooled reactor
LWR light water reactor
PWR pressurized water reactor
UOX uranium oxide
MOX mixed oxide (uranium and plutonium)
t HM tonne of heavy metal

Next page(s) left blank 25



PROBLEMS CONCERNING THE ACCUMULATION
OF ISOLATED PLUTONIUM - SITUATION IN GERMANY

U. SCHMIDT
Siemens AG,
Power Generation Group KWU,
Hanau, Germany

Abstract

Germany is committed to spent fuel reprocessing, plutonium recovery and recycling. The total
present (end of 1992) separated plutonium inventory is 7.8 tonnes.

1. PLUTONIUM PRODUCED BY REPROCESSING FOR GERMAN UTILITIES

German utilities have been and continue to be committed to reprocessing their spent
fuel assemblies and recycle the recovered plutonium. This is in accordance with the
existing German Atomic Law which demands the utilization of fissile material contained in
spent fuel assemblies, unless it is technically or economically impossible. Thus, the German
utilities hold reprocessing contracts with BNFL and Cogéma for the management of their
spent fuel assemblies.

This leads to:

Net present inventory of about 5.3 t Pufiss (7.8 t Putot)
(additional 1 500 t HM spent fuel are already at reprocessing plant).

Estimated annual production of about 2.8 t Pu ,,ss/year (4.21 Pu tot): this is equivalent
to cumulative plutonium generation of 29.41 Puflss (43 t Putot) in 2002 and additional
1 9.6 t Puflss (27.2 t Putot) in 2008.

At present, discussions are being held between the political parties, representatives
of the nuclear industry and the utilities in order to reach a consensus on the use of
nuclear energy in Germany. One objective is that long term intermediate storage
with the option of final disposal will be accepted a legally equivalent to reprocessing
and utilization of plutonium.

2. MOX FABRICATION IN GERMANY

- Since 1 965 to date Siemens has manufactured about 1 58 t HM of MOX for BWRs
and PWRs and 5.9 t HM for fast reactors.

This is equivalent to plutonium consumed of about 5.8 t Pufiss (8.5 t Pu tot).

- The existing Siemens MOX fuel fabrication plant in Hanau (25 t HM/year) is
temporarily shut down by injunction since 1991, although it did operate for a very
short period in 1992.

For the new Siemens 1201 HM/year MOX fuel fabrication plant in Hanau was issued
a license for plant erection and operation in March 1 991. The plant is almost ready
for startup, but completion has been delayed by the Hessian Local Government. The
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Federal Government, Siemens, and German utilities all continue to support both
projects.

At present, 10 German nuclear power plants hold licenses for the operation with
MOX fuel assemblies and 7 of these are currently operating with MOX fuel
assemblies in the reactor cores. Licenses for the insertion of MOX fuel assemblies
into further German nuclear power plants have been applied for but are still pending
for political reasons.

3. TOTAL AMOUNT OF ISOLATED PLUTONIUM PRODUCED OR CONSUMED

REPROCESSING CONTRACTS OF GERMAN UTILITIES

Contracts until 2002

COGEMA
WAK
BNFL
Miscellaneous

Total

Quantity

t HM spent fuel

4731
98

884

5713

Produced Pu until end 1 992

Consumed Pu for MOX fuel until 1992
Present Pu Inventory

Pu to be reprocessed until 2002

Pu available until 2002

kg Pufiss

27 966
637

5 747
971

35321

11 246

5 923
5 323

24075

29 398

kg Pu total*

41 189
882

7 956
1 390

51 417

16 235

8465
7770

35 182

42952

Additional contracts
until 2008

COGEMA
BNFL

Total

1 674
1 344

3 018

10 884
8 736

19 620

15 066
12 096

27 162

* Calculated with 9 g Putot/kg U without Pu decay.
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THE ROLE OF PLUTONIUM IN THE
NUCLEAR POWER PROGRAMME OF INDIA

D.D. SOOD
Radiochemistry and Isotope Group,
Bhabha Atomic Research Centre,
Bombay, Trombay, India

Abstract

India's nuclear power programme is entirely self-reliant, including plutonium recycle. Although
the first power plants were BWRs, the primary reactor type is now the PHWR utilizing natural
uranium. The long range programme anticipates the use of FBRs. Most of India's plutonium is not
separated and remains in spent fuel. Plutonium is utilized shortly after separation; no long term
plutonium storage is planned.

1. INTRODUCTION

The role of nuclear energy for the generation of electricity in India was visualised by
Dr. H.J. Bhabha when the exploitation of this source of energy was in early stages even
in the developed countries. India's strategy for nuclear power development has been to
base our technology on indigenous effort and today India is one of the few countries to
attain self-reliance in all aspects of nuclear power generation starting from prospecting and
mining of uranium to fuel reprocessing and waste management as well as plutonium
recycle. The choice of the reactor system was also made keeping in view the objectives
of this indigenisation. With limited known reserves of uranium in India (70 000 tonnes), it
was decided that the reactor system should be based on the natural uranium, since
enriched uranium reactors required more uranium for equivalent power base. The first
power station in India was installed at Tarapur with the help of General Electric, USA, in
1969 and this station had two reactors of BWR type. The choice of this reactor system for
the first station was based on the requirement of initiating the nuclear power programme
in India with a reliable and developed system. All subsequent reactors which are in
operation or under construction are pressurised heavy water reactors (PHWRs) which used
natural uranium as fuel.

India is a vast country and the two most prominent established sources of energy
which can be tapped to meet the energy requirements of its population are coal and
nuclear. The existing uranium resources can sustain a nuclear power programme, based
on PHWRs, of 10 000 MW(e). This potential can, however, be increased by a factor of
40-50 if the major isotopes of uranium, i.e. 238U, could also be channelised to produce
power. It is possible to do this by using fast breeder reactors which not only produce
power but also efficiently convert 238U to plutonium. It has been estimated that the current
resources of uranium could sustain an installed capacity of about 300 000 MW(e) of fast
breeder reactors for many decades. India also has large reserves of thorium (3 600 000
tonnes) which could be converted to fissile 233U. Thorium reserves of India could ensure
stable supply of nuclear energy for many centuries.

Currently India has 9 operating reactors: 2 reactors of 1 60 MW(e) each (TAPS) at
Tarapur, 2 reactors of 220 MW(e) each (RAPS) at Kota, 2 reactors of 220 MW(e) each
(MAPS) at Kalpakkam, 2 reactors of 220 MW(e) each (NAPS) at Narora and 1 reactor of
220 MW(e) (KAPS) at Kakrapar. A second unit of 220 MW(e) is expected to be
commissioned shortly at Kakrapar. A station having 2 reactors of 220 MW(e) each (KAPS)
is under construction at Kaiga. Six more units of 220/500 MW{e) each are planned at
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TABLE I. NUCLEAR POWER REACTORS IN INDIA

Reactor

TAPS-1

TAPS-11

RAPS-1

RAPS-11

MAPS-1

MAPS-11

NAPS-1

NAPS-11

KAPS-I

KAPS-II

RAPS-111

RAPS-IV

RAPS-V - RAPS-VIM

KAIGA-I

KAIGA-II

KAIGA-III - KAIGA-VI

TAPS-111 & TAPS-IV

Current capacity (MW(e))

160

160

220

220

220

220

220

220

220

220

220

220

500 each

220

220

220 each

500 each

Year of criticality/status

1969

1969

1972

1980

1984

1986

1989

1991

1993

1993

1995

1996

Planned

1995

1996

Planned

Planned

Rajasthan site and 2 reactors of 500 MW{e) each are planned at Tarapur site. It is expected
that the nuclear power capacity would approach 6000 MW(e) by the turn of the century.
Present financial constraints have, however, made the programme slightly uncertain and
exact dates for completion of various units now under construction would heavily depend
upon the inflow of capital. An outline of the programme is given in Table I.

India has also launched on the use of plutonium in fast as well as thermal reactors.
An experimental fast breeder test reactor (FBTR) of 40 MW(th) capacity has been set up
at Kalpakkam. Experience is also being gained for thorium recycle. A solution reactor based
on 233U fuel, namely PURNIMA-III, was set up at BARC using 233U isolated from irradiated
thorium rods. A second reactor KAMINI based on 233U-AI alloy fuel is being set up at
Kalpakkam for neutron radiographie of FBTR fuel pins. PHWR fuel bundles containing ThO2

pellets are being used for neutron flux flatterring in reactors at Kaiga. These activities
would provide good experience in plutonium as well as thorium fuel cycles.

2. PLUTONIUM UTILISATION PROGRAMME

The main emphasis of India's long range atomic energy programme is based on the
use of fast breeder reactors. With this objective, India has set up facilities for reprocessing
of spent fuel to isolate plutonium, facilities for the fabrication of plutonium fuels and a
separate centre for design and construction of fast reactor systems. While the major
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development effort for reprocessing and fuel fabrication is carried out at the Bhabha Atomic
Research Centre, Bombay, the development of fast reactor system is the responsibility of
the Indira Gandhi Centre for Atomic Research at Kalpakkam. Some of the facilities which
have been set up for this purpose are briefly described below:

2.1. Fuel reprocessing

A fuel reprocessing plant to process research reactor fuel was set up at the Bhabha
Atomic Research Centre, Trombay, in 1964 and this was subsequently refurbished to
expand its capacity to about 50 tonnes of spent fuel per annum. A second reprocessing
plant to reprocess fuel from BWR (TAPS) and PHWR (RAPS) fuel was set up at Tarapur and
the operation of this plant has been established. This plant has a nominal capacity of 100
tonnes of spent fuel per year. There has been no opportunity to reprocess BWR fuel as this
fuel is under safeguards and prior consent of US, which is stipulated under the agreement,
has not been forthcoming. The fuel of RAPS is also under safeguards and only limited
quantities have been reprocessed in view of the lack of current requirement for plutonium.
A third reprocessing plant of 100 tonnes per year capacity is nearing completion at
Kalpakkam. This plant is expected to reprocess fuel from MAPS reactors.

2.2. Plutonium fuel fabrication

A small plutonium fuel fabrication facility was set up at the Bhabha Atomic Research
Centre, Bombay, to fabricate Pu02 fuel for experimental research reactor PURNIMA. The
facility was subsequently expanded to cater to the requirement of fuel for fast breeder test
reactor at Kalpakkam. This plant has a notional capacity of 200 kg of fuel per year. This
plant has been used to fabricate (U03, Pu07)C fuel required for the first charge of fast
breeder test reactor (FBTR) and would shortly fabricate fuel for the second charge of that
reactor.

Supply of enriched uranium by the USA, for the manufacture of TAPS fuel, started
encountering impediments in 1976 and stopped after September 1979. It was therefore
decided to set up a mixed oxide fuel fabrication plant to provide MOX fuel for TAPS
reactors in order to ensure continued supply of electricity in that region. As an interim
measure, a plant of 10 t MOX/year capacity was set up at BARC, Trombay and it was
tested for fabrication of TAPS fuel bundles. Short length fuel bundles made in this plant
were successfully tested by irradiation to 15 000 MW- d/t burn-up. This plant was not
used subsequently as the supply of enriched uranium was arranged through France as per
agreement signed in November 1982.

Simultaneously a full fledge plutonium fuel fabrication plant, which could cater to the
full requirement of MOX fuel for TAPS has been set up at Tarapur. This plant has a
capacity of fabricating 20 tonnes of MOX fuel per year. The plant would be available for
fabricating MOX fuel for any reactor as and when required.

The burn-up of fuel in PHWRs has been found to be only 6700 MW- d/t. There has
been increasing interest to increase the burn-up of this fuel by suitable enrichment. Reactor
physics calculation have shown that if some of the fuel pins in the PHWR fuel bundle are
enriched by incorporating 0.4% PuO2, it would be possible to increase the average burn-up
of the fuel to 10 000 MW-d/t. Detailed physics calculation have been carried out to work
out the fuel management scheme and fabrication of MOX PHWR bundles is also being
established. Success of this programme would greatly enhance the uranium utilisation in
the current reactors.

The design of a prototype 500 MW(e) fast breeder reactor (PFBR) has also been
finalised and Government has already given approval for setting up this reactor in the near
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TABLE II. ESTIMATED AMOUNT OF POWER REACTOR PLUTONIUM PRODUCED
(Calculations are based on the total electricity generated since commercial operation)

Reactor

TAPS-1

TAPS-11

RAPS-1

RAPS-11

MAPS-1

MAPS-11

NAPS-1

NAPS-11

Total electricity generated since
commercial (MU) to January 1993

21 100

21 500

8 100

13300

9 100

6450

1 600

650

Total already existing

Estimated amount of Pu*
(kg)

989

1 008

443

726

497

353

88

35

4 139

* The ratio (plutonium produced/fissile material consumed) is taken as 0.3 for TAPS and 0.35 for
other reactors.

future. In the first phase this reactor would use (U,Pu)O2 fuel but subsequently advanced
fuels like (U,Pu)N or U-Pu-Zr alloy may also be tried. Detailed design of each type of fuel
is in hand and R&D effort in this regard is also in progress at various laboratories of the
country.

3. QUANTITIES OF PLUTONIUM

The bulk of the plutonium produced in India is tied up with the spent fuel lying at
various reactors sites. It is, therefore, not possible to give precise numbers on the
quantities of plutonium. However, at each station the amount of electricity generated is
known and it can be used to calculate the quantities of plutonium tied up with the spent
fuel from these reactors. The data for various stations upto January 1993 is given in
Table II. Projections of future plutonium production are uncertain in view of uncertainties
in the installed capacity and capacity factors of the installed power stations.

4. STORAGE OF PLUTONIUM

Plutonium in India is stored in special vaults as is the practice internationally. These
vaults are located adjacent to the fuel reprocessing or fuel fabrication plants and are
provided with full ventilation and other facilities required for handling of plutonium. In
general, India has a policy to separate plutonium from spent fuel only if it is required for
some application and therefore no long term storage is envisaged. All plutonium in India
is stored as plutonium oxide. The containers for plutonium are specially designed and each
container contains 2 kg of PuO2. Each container is doubly sealed in PVC bags. This sealed
container is in turn put in a secondary container mounted in a bird cage, in order to ensure
minimum separation between two containers, and stored in lockers located in the vault.
The store is provided with plutonium-in-air monitors and criticality monitors. The store also
has a fire alarm system and a system for detecting any water ingress in the store.
Non-destructive assay techniques are employed to verify plutonium content in the stored
containers. Access to plutonium store is strictly controlled.
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5. HANDLING AND TRANSPORT OF PLUTONIUM

Transport of plutonium from one site to the another is done by surface transport. The
guidelines stipulated by IAEA in its document Safety Series No. 6 are used by the Atomic
Energy Regulatory Board of India for clearing any shipment. The primary plutonium
containers are encapsulated in specially designed thick walled stainless steel pressure
vessels of about 1 50 mm internal diameter. Metal gaskets are used to ensure containment
even if there is a temperature rise due to a fire accident. These pressure vessels are in turn
mounted in a refractory lined steel containers. The outer steel container is mounted in a
bird cage. The bird cage in turn is put in a wooden box made from special quality wood.
The transport system has been extensively tested and approved by the regulatory bodies.
Most of the handling of plutonium containers is carried out by using mechanical devises
to minimise exposure of personnel to radiation. Elaborate security precautions are taken
during any shipment.

Plutonium is highly radioactive and also fissile. It is therefore essential that adequate
precaution are taken during its storage, handling and transport. The radiation emitted by
plutonium depend on its isotopic composition which in turn depends on the burn-up of the
fuel. Some typical isotopic compositions of plutonium from TAPS and RAPS reactors are
given in Table III. It is essential that adequate gamma and neutron shielding is provided as
per the requirements of the regulatory guidelines.

TABLE III. ISOTOPIC COMPOSITION OF PLUTONIUM FROM DIFFERENT REACTORS

Reactor

BWR
(TAPS)

PHWR
(RAPS)

Burn-up
(MW-d/t)

6 100
9 500
13750
29000

2960
5 700
6 200

23aPu
wt%

0.125
0.203
0.393
0.500

0.02
0.05
0.06

239pu

Wt%

82.7
73.54
65.77
53.40

82.52
67.7
66.07

240pu

wt%

13.94
20.31
25.17
29.60

15.01
26.0

26.87

241 Pu
wt%

2.89
4.81
6.45
10.48

2.2
4.8

5.52

242Pu
wt%

0.339
1.080
2.21
6.01

0.22
1.2

1.48

6. CONCLUSION

In the first phase of the atomic energy programme of India, significant quantities of
plutonium have been generated and would be very useful for increasing the burn-up of the
PHWR fuels and for the fabrication of fuel for the prototype fast breeder reactor. As a
policy, the reprocessing of spent fuel would be synchronised with the utilisation of
plutonium and, storage of plutonium would be limited to the extent necessary to meet the
requirements of fuel fabrication. This would cut down the problem of handling plutonium
containing significant quantities of 241Am and the associated radiological consequences.
In view of the large lead time required for developing plutonium technology, significant
R&D efforts are in progress to cater to all aspects of this technology.
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THE NECESSITY FOR AND SIGNIFICANCE OF
NUCLEAR FUEL RECYCLING IN JAPAN

M.NAKADA
Nuclear Fuel Division,
Atomic Energy Bureau,
Science and Technology Agency,
Tokyo, Japan

Abstract

Japan's nuclear program, of necessity, includes fuel reprocessing and recycling of uranium
and plutonium for several reasons: Japan lacks natural resources and recycling utilizes resources
more efficiently, the environmental impact is reduced and waste disposal problems are reduced.
Japan is strongly committed to nuclear non-proliferation and will not possess plutonium (a militarily
sensitive material) in amounts greater than required for its fuel cycle program. Japan has submitted
to full scope safeguards and supports efforts to improve safeguards effectiveness. Japan's
plutonium recycle program will focus first on FBRs then on LWRs and ATR. To gain a greater degree
of acceptance both domestically and abroad Japan will endeavour to provide greater openness and
transparency throughout its nuclear program. Japan's plutonium recycling prgramme will consume
80 to 90 tonnes of fissile plutonium by 2010.

INTRODUCTION

Research and development, and commercialization of peaceful applications of nuclear
energy have been carried out in Japan since the mid-1 950s. Today, nuclear energy plays
an important role as a key energy source in the nation's energy supply. Recently,
worldwide opinion has called for restraining dependence on fossil fuels as much as
possible. This is due to increased concern for protecting the global environment, and
because of tense international relations in the aftermath of the Gulf War that have seriously
undermined confidence worldwide in stable oil supply. Clearly, the importance of nuclear
energy as a future source of energy is increasing. In promoting its nuclear energy policy,
Japan must not only take domestic conditions such as demand for a secure energy supply
into account, but also maintain an international perspective that encompasses an
understanding of global conditions on energy. Japan needs to place more emphasis on this
international perspective in its nuclear fuel recycling programs in the future.

Plans are now under way to construct nuclear fuel cycle facilities including a
commercial reprocessing plant at Rokkasho Village in Aomori Prefecture. In May 1991
construction of the FBR prototype reactor Monju was completed and the preoperational
reactor's functional test was started. Furthermore, plutonium will be transported to Japan
in the near future from British and French facilities where, based on commercial contracts,
it has been recovered by reprocessing Japan's spent fuels. This report presents a study on
the future of nuclear fuel recycling in Japan taking into account recent domestic and
international developments, and defines the long range policy to implement nuclear fuel
recycling programs through around the year 2010.

1. THE NECESSITY AND SIGNIFICANCE OF NUCLEAR FUEL RECYCLING IN JAPAN

Japan's nuclear energy development and utilization program, since its initial stage,
has consistently called for recycling of nuclear fuel. This involves reprocessing spent fuels
and recycling the recovered plutonium and uranium as nuclear fuels. This policy is based
on the reasoning that Japan, being scarce in natural resources, must effectively utilize
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uranium resources to enhance the stability of nuclear energy as a domestic energy source.
Such reasoning on necessity of nuclear fuel recycling remains unchanged even today. In
view of the recent domestic and international developments, the necessity and significance
of nuclear fuel recycling are summarized in the following three points:

First, nuclear fuel recycling is to re-use useful materials, as an energy resource, all of
which would otherwise become waste. This contributes to the preservation of
uranium resources and reduces environmental impacts of energy use.

Second, nuclear fuel recycling makes nuclear energy a more economical and stable
energy source from a long-range point of view so that the national energy security
may be further increased. Japan, being scarce in natural resources, has given
particular importance to this point.

- Third, through nuclear fuel recycling, it is possible to separate radioactive wastes
from useful resources, which are recovered as energy resources. The high-level
radioactive waste produced by reprocessing is small in volume and easily solidified
into a stable form. Therefore, nuclear fuel recycling can improve the management of
radioactive waste in Japan, and contribute to the preservation of the environment in
Japan. These three points are discussed further in detail below.

1.1. Preserving natural resources and environment, and contributions to the formation of
a recycling society

In recent years, warnings are increasing over the destruction of the global
environment and the deterioration of our living environment through extravagant
consumption of natural resources. The response has been given to accelerate efforts to
recycle and conserve natural resources and to save energy. This is because effective
utilization of natural resources is of vital importance in preserving the global environment.
The necessity and significance of nuclear energy, especially, nuclear fuel recycling, must
be defined in this context.

Nuclear energy has several highly attractive features. It produces a massive return of
energy from a relatively small amount of uranium resources. The amount of waste
generated is also small. It does not generate carbon dioxide as fossil resources do, which
is regarded as one of the causes of global warming. It has been confirmed at international
meetings, including the G7 Summit, that the utilization of nuclear energy under strict safety
measures can contribute to the protection of the global environment while playing an
important role in energy supply.

Nuclear fuel recycling is intended to make better use of features of nuclear energy
referred to above, and to contribute to the formation of a so-called recycling society, where
people think much of recycling used things. Nuclear fuel recycling is to re-use useful
materials, as an energy resource, all of which would otherwise become waste. In addition,
reducing the consumption of natural uranium resources by recycling could eventually also
reduce impacts of nuclear energy itself on the environment. Therefore, nuclear fuel
recycling is very significant in both resource conservation and environmental protection.
For a nation like Japan that consumes a large amount of resources, it is an important policy
matter to play a leading role in efforts to save and recycle resources.

1.2. Making nuclear power a more economical and stable energy source in a long-term
perspective

The economy of nuclear fuel recycling depends on the market price of its resources,
as in the recycling of other resources. The price of uranium has been stable at a relatively
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low level in recent years. Consequently, interest in the necessity and significance of
nuclear fuel recycling in securing an economical and stable long-term supply of uranium has
tended to fade. However, future uncertainty similar to that in the oil market may also
plague the uranium market. Accordingly, nuclear fuel recycling is necessary for Japan with
scarce resources from a viewpoint of the efficient use of uranium and energy security. In
addition, nuclear fuel recycling could stabilize demand and supply in the uranium market,
which could result in stable uranium prices in the future.

Another important point in the economic value of nuclear fuel recycling is that, by
recycling, the economy of the entire nuclear fuel cycle will become more immune to
external factors such as fluctuating uranium prices. This is because as the proportion of
natural uranium cost is reduced as a part of the whole by recycling, the extent of
dependence of the nuclear fuel cycle's economy on the uranium cost is reduced.

Nuclear energy is called a technology-intensive source of energy because there is a
very high return of energy produced by means of technology from a small amount of
natural resources. The economy of nuclear energy is determined largely by the
effectiveness of technology, rather than natural resource costs. This means then that as
technology matures, the cost-performance of nuclear energy improves and it becomes a
more reliable energy source. It is expected that the economy of nuclear fuel recycling will
continue to improve as further progress is made in research and development, more
experience is gained, and the scale of the recycling is expanded step-by-step. It is
considered significant that Japan is committed to leading in this technological development,
from a viewpoint of making nuclear energy a more economical and stable energy source
that can be used worldwide for a long time to come.

1.3. Making the radioactive waste management in Japan more appropriate

Although a much smaller amount of waste is generated by nuclear power generation
than thermal generation firing fossil fuels, the waste is radioactive and must be managed
with the utmost care. Especially, spent fuel includes high level radioactive materials and
so must be very carefully managed, although its radioactivity decreases rapidly according
to the half-lives of its radioactive materials.

Currently, some nations plan to dispose of spent fuel as waste without recycling.
However, if spent fuel is reprocessed, large amounts of useful resources can be recovered,
and high-level radioactive waste can be separated and managed more effectively.

In fact, the volume of high level radioactive waste after reprocessing is much smaller
than that of spent fuel disposed of unprocessed and it is easily solidified into a stable form,
in addition, the period of radioactivity of the high-level radioactive waste solidified after
reprocessing becomes relatively shorter. Such a radioactive waste management method
is appropriate in Japan from a viewpoint of environmental protection. However, a
secondary radioactive waste stream is also produced by recycling. It is important to reduce
the generation of this secondary waste as much as possible.

Effective management of radioactive waste generated through the nuclear fuel cycle
process depends on the method of recycling. If recycled resources are utilized highly
efficiently, the amount of radioactive waste can be reduced.

This further improves radioactive waste management and is more desirable for
environmental protection. In this respect, it is important to efficiently recycle transuranic
elements, which are intimately related to how long waste remains radioactive. Further
advances in research and development on recycling methods to use transuranic elements
as resources could make radioactive waste management more appropriate, and be
expected to increase the value and significance of nuclear fuel recycling.
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2. COMMITMENT TO NUCLEAR NON-PROLIFERATION

Japan has demonstrated a firm commitment to peaceful uses of nuclear energy.
Domestically, it is set forth as its national commitment in Japan's Atomic Energy Basic Law
that the development and utilization of nuclear energy shall be limited solely to peaceful
purposes. Internationally, the nation adheres to the Treaty on the Non-Proliferation of
Nuclear Weapons (NPT) and accepts the full-scope safeguards of the International Atomic
Energy Agency (IAEA) for all nuclear materials related to any of its nuclear programs.
Japan also adheres to the Convention on Physical Protection. Japan has sincerely fulfilled
obligations and responsibilities provided in these international agreements. Although
Japan's commitment to nuclear non-proliferation has been consistently reaffirmed by the
national policy referred to above, in promoting nuclear fuel recycling in this country, Japan
must fully take into account the fact that recycling is based on the utilization of plutonium
recovered from spent fuel, and that plutonium is considered a militarily sensitive material.
Accordingly, it is most important for Japan to maintain stringent measures with regards to
nuclear non-proliferation and to give as much transparency as possible to its nuclear fuel
recycling programs so that concerns on nuclear proliferation in relation to Japan's programs
will not be raised internationally in any case.

Therefore, it is a national principle that, in addition to continuing stringent controls
of plutonium, Japan will not possess plutonium beyond the amount required to implement
its nuclear fuel recycling programs. To that end, Japan will make steady use of plutonium
in accordance with appropriate recycling programs, in consideration that it makes sense
from a nuclear non-proliferation point of view to actively utilize and consume plutonium as
a nuclear fuel by means of recycling.

At the 1990 NPT Review Conference, it was confirmed that the NPT is the
fundamental framework for nuclear non-proliferation and that the IAEA safeguards system
plays the central role in ensuring non-proliferation. It was also confirmed at the Conference
that the effectiveness of the IAEA safeguards should be maintained particularly for
reprocessing and plutonium utilization, responding to the expanded peaceful use of
plutonium. Japan has been of the view that it is important to facilitate effective and
efficient application of IAEA safeguards to nuclear facilities, and has actively contributed
to maintaining and strengthening the IAEA safeguards system. Important examples are the
Japan Support Program for Agency's Safeguards (JASPAS) which began in fiscal 1 981 and
the international joint project for study on safeguarding large reprocessing plants (LASCAR)
which began in fiscal 1987 with special funding to the IAEA by Japan. IAEA safeguards
have already been applied to the Plutonium Fuel Production Facility of the Power Reactor
and Nuclear Fuel Development Corporation (PNC), utilizing achievements of Japan-US joint
research on element technologies for safeguarding mixed oxide (MOX) fuel fabrication
facilities. With launching of Japan's full-scale commercial nuclear fuel recycling programs
scheduled for the near future, it is essential, first of all, to maintain the earnest attitude
that has been kept so far. It is also most important not only to apply effective and efficient
safeguards to plutonium utilization based on technologies and experience accumulated in
Japan, but also to make every effort to further improve safeguards technologies in order
to ensure further international understanding of Japanese programs from the viewpoint of
nuclear non-proliferation. Through these efforts and activities, Japan will continue to join
international efforts towards the sound development of the IAEA safeguards system and
strengthening of the world nuclear non-proliferation regime. This is a responsibility to be
taken by Japan who intends to advance the peaceful use of plutonium.

In regard to the international, long-distance transportation of plutonium, Japan will
sincerely fulfill the obligations and responsibilities provided in bilateral nuclear energy
agreements, the Convention on Physical Protection and so on, and work closely with
countries concerned to get more understanding and co-operation for it, fully recognizing
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that it is Japan's international responsibility to fully apply stringent physical protection
measures to the transportation.

3. FUTURE NUCLEAR FUEL RECYCLING PROGRAMS IN JAPAN

3.1. Basic view

The key points in advancing future nuclear fuel recycling programs in Japan are to
develop a system with which nuclear energy is more widely accepted by the Japanese
public as a fundamental energy source, and to endeavor to have the programs understood
internationally. From this point of view, future nuclear fuel recycling programs must be
promoted systematically and steadily with full consideration of major social concerns such
as further improving radioactive waste management. The programs must also be
implemented in such a way that the scale and method of recycling can be flexibly adapted
to future variable circumstances.

First, the demand side of nuclear fuel recycling is discussed. Fast breeder reactors
(FBRs) utilize uranium resources highly efficiently. It is also expected that if transuranic
elements could be recycled by FBRs, radioactive waste management could be further
improved. In Japan, therefore, the FBR has been developed as the main reactor for nuclear
power generation in the future and is considered to be the principal reactor to use
plutonium. Efforts will be continued for commercializing the FBR in the future.

Light water reactors (LWRs) will be a major source for some time to come in Japan's
nuclear power generation program. Therefore, LWRs will be used for recycling plutonium
as fuel so that the recycling in LWRs can play a role as an energy source in Japan's nuclear
power generation system and the technologies and infrastructures required for
commercial-scale recycling can be developed with the aim of commercial operation of
FBRs. Noting that nuclear fuel recycling in LWRs is already substantially proven in Europe,
particularly in Germany and France, Japan will promote recycling in LWRs with the
objective of steadily developing its recycling programs.

In addition, to enhance the flexibility of recycling programs, advanced thermal
reactors (ATRs), reactors with high flexibility in fuel use, will be used for recycling
plutonium.

Now let us consider the supply side of nuclear fuel recycling. The plutonium needed
to implement future nuclear fuel recycling programs will be supplied mainly by the
Rokkasho reprocessing plant. The plant is indispensable for carrying out the FBR programs,
the principal element of Japan's nuclear fuel recycling programs, from a long-range
viewpoint, and will also continuously provide plutonium necessary for recycling in LWRs
and for research and development of ATRs. This plant is scheduled to go into full operation
shortly after the year 2000. The plutonium recovered there will be used for the research
and development of FBRs and ATRs for some time to come and for commercial operations
of FBRs later as well as for the commercial-scale recycling in LWRs.

Reprocessing contracted to overseas nations is a transitional measure. It is
appropriate that plutonium from the overseas reprocessing services be used for research
and development of FBRs and ATRs, as well as for recycling in LWRs.

Plutonium recovered from the Tokai Reprocessing Plant will be used, as it has been
in the past, basically for research and development of FBRs and ATRs. It is advisable that
once the Rokkasho Reprocessing Plant begins operation, the Tokai Reprocessing Plant shift
its major role to research and development of future reprocessing technologies.

39



For the above recycling programs to be realized, it is necessary that progress be made
in the construction of the Rokkasho Reprocessing Plant, for which more understanding and
cooperation of the local people is required. Also, smooth transport to Japan of plutonium
from the overseas reprocessing services is necessary. The Japanese government must
therefore provide assistance for these operations. A domestic supply system for MOX fuel
must also be established in connection with these programs.

3.2. Japan's nuclear fuel recycling programs through around the year 2010

The basic view above forms the basis for the following nuclear fuel recycling
programs through around the year 2010. Since recycling programs are based on the use
of plutonium, it is important that they be transparent in order to secure a wide
understanding both domestically and internationally. For that reason, the programs which
are deemed appropriate under current circumstances are presented below. These programs
will naturally be affected by the changes of circumstances surrounding the programs in the
future. Even if that is the case, it is essential to make every effort towards steady
implementation of the programs while firmly maintaining the attitudes described in
"2. Commitment to nuclear non-proliferation" and conforming to "3.1. Basic view" above.

3.2.1. Plutonium utilization

(a) Utilization by FBRs and ATRs

In view of the important roles played by the two reactors below in the development
of FBRs, it is appropriate to continue research and development using the experimental
reactor Joyo and to utilize recycled plutonium in the prototype reactor Monju. The amount
of plutonium required by the two reactors is around 0.6 tonnes of fissile plutonium (Ruf)
per year, and the cumulative requirement up to around 2010 is about 1 2 to 13 tonnes of
Puf.

Planning for a FBR demonstration reactor (DFBR) is under way, with an aim to start
construction in the late 1 990s, and to commission the reactor shortly after 2000. This
DFBR program must be positively promoted, and further development following the DFBR
must also be promoted systematically and steadily with the objective of commercial
operation of FBRs. The amount of plutonium needed for the DFBR and the succeeding
reactor must be accurately evaluated as the development plans become more specific in
the future. Currently, however, it is estimated that a total of around 10 to 20 tonnes of Puf
will be required for both the DFBR and the succeeding reactor through around 2010. The
dominant factors affecting this plutonium requirement are the timing of the introduction and
the scale of the reactor succeeding the DFBR. Thus, as not only the plan for the DFBR but
that for the succeeding reactor considerably affect the amount of plutonium required
through around 2010, it is advisable that these plans be continuously examined from a
long-term perspective.

The prototype ATR Fugen has been kept in operation with objectives including the
further improvement of its reliability. The construction of an ATR demonstration reactor
(DATR) at Ohma Town in Aomori Prefecture is now at the planning stage with an aim of
commissioning the reactor in around 2000. These ATR projects require continuous, steady
promotion in order to increase the flexibility of nuclear fuel recycling. The amount of
plutonium required for Fugen and the-DATR is around O.S to 0.6 tonnes of Puf per year,
and the cumulative requirement for the ATRs through around 2010 is a little less than 10
tonnes of Puf.
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(b) Utilization by LWRs

It is appropriate that the first commercial recycling program in LWRs be implemented
in the mid-1990s, based on the results of demonstration programs being conducted with
a small number of fuel assemblies, to use MOX fuel in the quarter reactor cores of one
BWR and one PWR plants with an output of 800 MW(e) or more each. It is also appropriate
that electric utility companies undertake the preparations necessary for the smooth
implementation of the first commercial program above.

The objective of nuclear fuel recycling in LWRs is to play a role as an energy source
in Japan's nuclear power generation system, while developing the technologies and
infrastructures required for commercial-scale nuclear fuel recycling, with a view to
achieving commercial operation of FBRs. It is thus essential to continue recycling in LWRs
on a scale compatible with the capacities of commercial-scale reprocessing facilities and
commercial scale MOX fuel fabrication facilities. It is appropriate in Japan that preparations
necessary to gradually and systematically expand the recycling programs be undertaken
so as to replace the 1/3 reactor cores of four 1000 MW(e) class LWRs with MOX fuel at
the end of 1 990s, and then those of twelve 1000 MW(e) class LWRs shortly after 2000.

The estimated cumulative amount of plutonium required to implement the recycling
programs by LWRs will be around 50 tonnes of Puf through around 2010. The recycling
programs in LWRs must be expanded steadily and flexibly, responding to the surrounding
circumstances including the future development of utilization by FBRs and ATRs.

These programs require the cooperation of both the public and private sectors, and
it is appropriate that the related ministries and agencies provide the necessary support for
the programs.

3.2.2. Plutonium supply

The combined utilization plans for recycling in FBRs-ATRs and LWRs will require an
estimated around 80 to 90 tonnes of Puf through around the year 2010. The amount of
plutonium supplied in the future from the Tokai Reprocessing Plant, the Rokkasho
Reprocessing Plant and the overseas reprocessing services provided by Britain and France
respectively depends on the type and amount of spent fuel actually reprocessed. Therefore,
it is difficult to accurately calculate the amount of plutonium supplied. However, the
appropriate estimates currently possible are presented below.

First, the annual reprocessing volume of the Tokai Reprocessing Plant for the time
being will be around 70 to 90 tonnes of spent fuel in tU, which will recover around 0.4
tonnes of Puf per year. When the Rokkasho Reprocessing Plant goes into operation, the
major role of the Tokai Reprocessing Plant will be shifted to research and development on
future reprocessing technologies including MOX fuel reprocessing, which will reduce the
plant's plutonium recovery to around 0.1 to 0.2 tonnes of Puf per year.

The Rokkasho Reprocessing Plant is scheduled to go into operation at the end of
1990s. Its reprocessing volume will be gradually increased after the start in operation,
reaching the full capacity of 800 tonnes of spent fuel in tU shortly after 2000. The
capacity of the Rokkasho Reprocessing Plant is the same as that of the UP3 Plant in
France, a commercial plant already in operation, and is considered to be appropriate for a
commercial reprocessing plant. It is expected that around 4.5 to 5 tonnes of Puf will be
recovered a year after the Rokkasho Reprocessing Plant begins full-scale operation.

The cumulative amount of plutonium from the overseas reprocessing services is
estimated at around 30 tonnes of Puf, based on the amount of reprocessing service
contracts between Japanese electric utility companies and reprocessing entities in Britain
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and France. It is expected that the transportation of all of the plutonium from Europe to
Japan will have been completed by 2010.

To calculate the total supply through around 2010, based on the above estimates:
supply from the Tokai Reprocessing Plant will be around 5 tonnes of Puf, around 50 tonnes
of Puf from the Rokkasho Reprocessing Plant, and around 30 tonnes of Puf from the
overseas reprocessing services, making up a total of around 85 tonnes of Puf. Considering
that an adequate amount of running stock is required in the actual supply-demand balance
of plutonium, the estimated total supply of about 85 tonnes of Puf is considered-to be
necessary to carry out nuclear fuel recycling programs in Japan in the future, which would
require around 80 to 90 tonnes of Puf.

4. MOX FUEL FABRICATION SYSTEM IN JAPAN

4.1. MOX fuel fabrication system for FBRs and ATRs

MOX fuel used for the FBR experimental reactor Joyo, the FBR prototype reactor
Monju, and the ATR prototype reactor Fugen will continue to be manufactured by the PNC
as it has been in the past. In line with the current policy, the PNC will also build a fuel
fabrication facility in its plutonium fuel production facility, for MOX fuel used in the DATR.
Concerning MOX fuel for the DFBR, in the Long-Term Program for Development and
Utilization of Nuclear Energy of 1987 drawn up by the Atomic Energy Commission of
Japan, it is stated that "Although it is possible to supply the MOX fuel for the DFBR by
expanding the facilities of the PNC, the concept for the fuel fabrication system shall be
specified in the early 1990s taking into consideration experience accumulated in Japan of
MOX fuel fabrication, progress of the DFBR's construction plan, progress of future MOX
fuel supply system development in the private sector, lead time required to construct the
MOX fabrication facility, and other factors". As the plan for the DFBR is already under way,
detailed investigations of methods of utilizing PNC's MOX fuel fabrication technology for
FBRs must begin early.

4.2. MOX fuel fabrication system for LWRs

Corresponding to the operation of the Rokkasho Reprocessing Plant, domestic MOX
fuel fabrication for LWRs must also be developed into a commercial operation. In the
Long-Term Program for Development and Utilization of Nuclear Energy, it is stated that
"MOX fuel fabrication for the full-scale utilization of plutonium in LWRs shall be in principle
performed by the private sector, and the actual fuel fabrication system shall be established
in the early 1990s, at the latest". In view of the nuclear fuel recycling programs by LWRs
as are mentioned earlier and the commissioning of the Rokkasho Reprocessing Plant at the
end of the 1 990s, a domestic fabrication plant with a capacity of around 100 tonnes of
MOX fuel per year must be in commercial operation around 2000. Detailed study should
be made on the content of the fabrication business, mainly by the related private sector
entities. However, it is important that commercialization of this domestic MOX fuel
fabrication should be flexibly developed so as to match the expansion of LWR recycling.
The policy for commercial MOX fuel fabrication must be established as soon as possible,
considering the lead time required for determining an operator, selecting a plant site, and
design, safety examination, construction and test operation of the plant.

To promote the commercialization of MOX fuel fabrication in Japan as is mentioned
above, the safety and reliability of domestic LWR MOX fuel fabrication technology must
be demonstrated and the PNC's MOX fabrication technology must be smoothly transferred
to the private sector. This requires that both the PNC and the related private sector entities
urgently undertake joint study on the best way of utilizing the PNC's plutonium fuel
production facility.
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5. OVERSEAS MOX FUEL FABRICATION

It is appropriate to fabricate some amount of plutonium from the overseas
reprocessing services into MOX fuel at overseas at least for a transitional period. For this
reason, electric utility companies must urgently study the timing of starting the overseas
fabrication of MOX fuel and the scale of the contracted fabrication. MOX fuel fabricated
abroad will be transported to Japan by sea. Electric utility companies must study detailed
measures of the transportation so as to comply fully with not only domestic laws and
regulations, but also requirements of the relevant provisions of the Agreement Between the
United States and Japan Concerning Peaceful Uses of Nuclear Energy, the Convention on
Physical Protection, and other international regulations such as IAEA regulations for safe
transport of radioactive material. Transportation of MOX fuel should be performed so as
to smoothly launch the plutonium recycling programs by LWRs starting in the mid-1 99Os.
The Japanese government is required to provide relevant measures and assistance for the
transportation under the close cooperation of the ministries and agencies concerned.

If MOX fuel fabrication is to be undertaken in a nation with which Japan has not
concluded a bilateral nuclear energy agreement, a new arrangement will be required to
ensure the peaceful utilization of the plutonium transferred to the nation.

6. METHOD OF UTILIZING RECOVERED URANIUM

It is important that uranium recovered from reprocessing be actively utilized to further
accelerate the nuclear fuel recycling programs. Re-enrichment is considered to be the best
method of recycling uranium in terms of economy and the amount of recovered uranium
usable. In Japan, the related private sector entities and the PNC should cooperate to
develop, based on the results of previous efforts, commercial-scale conversion,
re-enrichment, fuel fabrication and utilization in reactors to prepare for full-scale commercial
utilization of recovered uranium in the future.

It is appropriate that uranium recovered by the overseas reprocessing services be
converted and re-enriched abroad to secure higher efficiency and economy in transporting
the uranium to Japan. It is advisable that, to that end, electric utility companies take the
preparatory measures as required. If the conversion or re-enrichment is to be undertaken
in a nation with which Japan has not concluded a bilateral nuclear energy agreement, a
new arrangement will be required to ensure the peaceful utilization of the uranium
transferred to the nation.

7. REPROCESSING OF SPENT MOX FUEL

It is important to recover plutonium and uranium by reprocessing spent MOX fuel so
as to promote nuclear fuel recycling. It is therefore appropriate that the PNC develop
technologies for the reprocessing of MOX fuel including FBR and ATR spent fuel, with
targets including the improvement in recovery efficiency.
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RUSSIAN PROSPECTS FOR PLUTONIUM
ACCUMULATION AND UTILIZATION

E.G. KUDRIAVTSEV
Ministry of Atomic Energy of the Russian Federation,
Moscow, Russian Federation

Abstract

Russia now has 20 GW of installed nuclear capacity (vs 36.4 GW in the former USSR).
Stagnation in the Russian nuclear industry has delayed many programmes. Russia believes a closed
fuel cycle to be the most economical — but continued low uranium prices and buildup of separated
plutonium raise questions. Projected separated plutonium inventories vary greatly, depending on
assumed reprocessing rates and BN-800 plutonium utilization rates. The start-up of RT-2 in
2002-2005 will increase plutonium annual separation rate by 3.2 tonnes. Nearly all of the nuclear
scientists and engineers of the former USSR now reside in Russia. Utilization of plutonium in thermal
reactors could be speeded up by international technical co-operation.

1. NUCLEAR POWER ENGINEERING AND INDUSTRY OF NUCLEAR FUEL CYCLE

After the USSR has fallen apart, 20 GW of the NPPs installed capacity has remained
on the territory of Russia (from 36.4 GW of the former USSR's capacity). Table I shows
the structure of these NPPs as well as those of the former USSR's republics. The near-term
outlook of the Russian nuclear power engineering development is connected with the
commissioning in the nearest future of the two WWER-1000 units and, probably, one
RBMK unit, having currently been constructed by -80%.

For the previous years the uranium mining industry, uranium enrichment and the NPP
fuel production in the former USSR were developed exceedingly. Currently, the uranium
production capacities available are enough to provide for 100 GW of the NPP installed
capacity. The main facilities of the nuclear fuel cycle remain on the territory of Russia.

Economic evaluations conducted in the 1980s confirmed the experience of a closed
fuel cycle for WWER reactors, with additional enrichment and recycling of the uranium
reprocessed. Recovered energetic plutonium was supposed to be used in the BN-800 and
BN-1 600 fast reactor cores.

The stagnation of the nuclear power engineering of Russia, radical political and
economic reforms, nuclear disarmament and the corresponding reduction in defense orders
have considerably worsened the economic situation at NPPs and nuclear enterprises. The
state funding of large projects is problematic under the conditions of inflation, great
uncertainty in engineering and economical evaluations and absence of nuclear legislation.

The main changes in the field of nuclear power engineering are the following:

refusal to continue the programme of construction of new NPPs with RBMK reactors;
refusal of some local authorities to construct new NPPs on their territories (NPPs with
WWER-1000 and AST-500 reactors);
delay of the programme of BN-800 reactors construction, refusal to implement the
BN-1 600 project, delay of the construction of MOX fuel production on facility at the
"Majak" complex;
slowdown of the construction of the RT-2 plant for the WWER-1000 SNF
reprocessing and rescheduling of its commissioning for 2005;
development of projects for new NPPs of improved safety (NP-500 and VPBR-600).
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TABLE I. STRUCTURE OF NPPs ON THE TERRITORY OF THE FORMER USSR

Independent State of the former
USSR

Russian Federation

Ukraine

Kazakhstan

Lithuania

Type of
reactor

WWER-440
WWER-1000
RBMK-1000

BN-600
BN-800

WWER-440
WWER-1000
RBMK-1000
2 units under

operation

BN-350

RBMK-1500

Installed
capacity (GW)

2.6
6.01 + 2)
11.0( + 1)

0.6
( + 1.6)

0.88
10.0( + 2)
3.0(-3.0)

0.35

3.0

SNF buildup
end of 1992

750»(RT-2)
5500

no data
available

1500

-

no data
available

Annual unload
of SNF t HM

75.0
144.0(4-48.0)
550.0(4-50.0)

6.0
12.0

25.0
244.0(4-48)

100.0
from 2 units

Including SNF shipped from Ukrainian NPPs before 1991.

All those factors have caused the delay in implementing the plans of plutonium
commercial utilization in the Russian Federation.

Both energetic and military plutonium from dismantled warheads are valuable energy
resources for the future nuclear power engineering. Plutonium utilization in fast reactors
is the most efficient way. As we know, water reactors can also operate on the
uranium-plutonium fuel. Nevertheless, no serious investigations on military plutonium
utilization in reactors of the WWER-type have been conducted in Russia. There are as well
no plants for plutonium utilization as the RBMK fuel.

In this situation the storing of plutonium in special stores providing for nuclear,
explosion, and fire safety, is a forced measure.

2. IMPLEMENTATION OF A CLOSED FUEL CYCLE - PROs AND CONs

The main arguments in favour of a closed NFC are the following:

- radiochemical reprocessing of SNF enables to use with the maximum efficiency the
resources of uranium being mined as well as to usefully utilize plutonium;
economically, in view of long-term prospect the radiochemical reprocessing is more
beneficial compared with long-term monitored SNF storage and expensive final
disposal;

- from the ecological point of view, the reprocessing makes it possible to recover from
SNF and HLW the most long-lived and hazardous nuclides, first of all, plutonium and
TPE;
there exists a great scientific and reliable technological solutions that make it possible
to implement the SNF reprocessing taking into account stringent requirements for the
environment protection.

But the arguments given above are seriously criticized in case of great excess
capacities on the uranium mining and enrichment, and in connection with the environment
radioactive contamination risk and the problems of plutonium buildup.
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The situation in Russia, connected with the spent fuel permanent buildup, is not
satisfactory. Spent fuel storage is supposed to be mainly on-site storage and the creation of
a joint regional storage facility for SNF seems to be hardly implemented because of local
authorities opposition. No special funds have been formed to design and construct a facility
for the NPP unprocessed fuel final disposal. Prediction of SNF buildup without taking into
account the construction of new NPPs in Russia is given in Tables I and II. Commissioning the
RT-2 plant with the production rate of up to 1000t/year for the first stage would provide for
the equilibrium between the fuel discharged and reprocessed for a middle-term prospect.

The problem of the RBMK-1000 SNF buildup requires further study and additional
economical calculations and, in prospect, a possible co-operation of Russia, the Ukraine and
Lithuania to create a common storage facility for that SNF.

TABLE II. CALCULATION OF THE SNF AND Pu BUILDUP (without taking into account the RT-2 plant)

Spent nuclear fuel

WWER-1 000 (Russia)

WWER-1000 (Russia & Ukraine)

RBMK-1000 (Russia)

Buildup (mt HM per year)

1995

1 050

1 500

7 150

2000

1 800

2400

10450

2005

2 700

4500

13750

2010

3600

5600

17000

Minatom's plan for the NPPs construction in Russia and NFS operation up until 2010 was
announced.

3. BUILDUP AND OUTLOOK ON ENERGETIC PLUTONIUM UTILIZATION

The main part of plutonium (both energetic and military) is recovered from nuclear fuel,
stored and reprocessed at 3 radiochemical plants of Russia — in Chelyabinsk-65, Tomsk-7 and
Krasnoyarsk-26. About 25 Mt of energetic Pu is stored now at the "Majak" complex
radiochemical RT-1 plant. Some amounts of plutonium (up to hundreds of grams) can as well
be obtained on laboratory installations in radiochemical research centres. They are the
following:

- the V.G. Khoplin Radium Institute in St. Petersburg,
the Scientific and Research Institute of Atomic Reactors in Dimitrovgrad,
the A.A. Bochvar Ail-Russian Scientific and Research Institute of Inorganic Materials
(ARSRIIM) in Moscow.

Considerable amounts of plutonium are used for physical test-bench experiments. For
example, more than 900 kg of weapon grade plutonium are available in the Institute of Physics
and Power Engineering in the form of special rods.

Application of the improved Purex-process at the RT-1 plant makes it possible to recover
up to 99.5% of plutonium. Scientists of the A.A. Bochvar and V.G. Khoplin Institutes consider
it possible to achieve the 99.9-99.95% Pu recovery as well as the 95% Np-237 recovery.
Currently it is possible to recover 80% of Np-237 and 99.5% of U.

At a maximum production rate of 400t/year the plant provides for reprocessing SNF of
all the WWER-440 reactors in Russia and abroad as well as fuel of BN-600 and BN-350.
Currently, the rates of SNF reprocessing are reduced to 100 t/year that is caused by the
problems of SNF transportation into Russia. Therefore, the rates of plutonium buildup being
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predicted vary from a maximum value of 2.5 t/year to 0.6 t/year. The construction and
commissioning of the first BN-800 unit at the South Ural, NPP (1977) and one of the same
type at the Beloyarskaya NPP (2000) are planned. Calculation variants for the Pu buildup rates
are given in Table III.

TABLE III. ENERGETICAL PLUTONIUM BUILDUP AT THE RT-1 PLANT

Variant

I
II
III
IV
V
VI

1995

33.8
33.8
27.8
27.8
27.8
27.8

2000

46.8
34.2
30.8
22.1
19.8
19.8

2005

59.8
18.6
33.8
17.1
6.8
-0.3

Variant I: Reprocessing of 325 t SNF/year, beginning with 1993 (2.6 t Pu/year) refusal to construct
BN-800.

Variant II: Reprocessing of 325 t SNF/year commissioning BN-800 in 1997, 1999, 2001 and 2002.
Variant III: Reprocessing of up to 80 t SNF/year beginning from 1993 (0.6 tPu/year) refuse to

construct BN-800.
Variant IV: Reprocessing of up to 80 t SNF/year beginning from 1993 (0.6 tPu/year) commissioning

BN-800 in 1997.
Variant V: Additionally to Variant IV commissioning the 2nd BN-800 unit in 2000.
Variant VI: Additionally to Variant V commissioning the 3rd unit of BN-800 in 2002.

An annual BN-800 consumption assumed in calculations for plutonium is equal to 1.6 t
and the initial reactor charge is 2.3 t Pu without taking into account the MOX-fuel
radiochemical reprocessing. In fact, Pu buildup in two reactors could make up 2.8 t by 2005.

The data given in Table Ml show that commissioning of one more BN-800 unit after 2001
would require additional Pu at low rates of the WWER-440 SNF reprocessing (80 t/year).

Plutonium utilization in the form of MOX fuel was studied in detail for BN-350 and
BN-600. The maximum Pu consumption by those reactors is estimated as 1 t/year. However,
cores of those reactors are designed for U fuel and it seems problematic to license their full
conversion to the MOX fuel.

WWER-1000 spent fuel, being built up on the territories of Russia and the Ukraine, is
another potential source of energetic plutonium. In prospect, that fuel reprocessing is
scheduled for the RT-2 plant (approximately in 2002-2005).The construction of the MOX fuel
production facility for the WWER-1000 reactors is assumed for the RT-2 plant.

At the initial SNF reprocessing rate of 1000 t/year the Pu being recovered would be
enough to fabricate 1 60 t/year of MOX fuel, containing 5% of Pu.

If the WWER-1000 core is charged for one-third, more than 20 WWER-1000 units should
be converted on MOX fuel or part of plutonium should be used for the BN programme, and
that seems more beneficial.

In case of such WWER-1000 NFC pattern implementation the rates of Pu buildup after
2005 would be minimum and the total amount of plutonium in the cycle would make up
approximately 60 tonnes.

The analysis carried out has shown that the utilization of military Pu, 50 tonnes of which
would become available already at the first stage of a warhead's dismantling, would be a
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rather difficult problem. Original engineering and technological solutions, optimum in view of
economics and meeting stringent requirements on nuclear safety and the environment
protection, should be looking for.

4. MAIN TRENDS OF SCIENTIFIC R&D IN RUSSIA

More than 90% of scientific potential of the former USSR being involved in nuclear
science and technology, and practically 100% of scientists being occupied in the field of
nuclear fuel cycle, have remained in the Russian Federation. The main R&D on Pu utilization
are being carried out at the following institutes:

the A.A. Bochvar Institute of Inorganic Materials, Moscow: technology for pelletized
MOX fuel fabrication, development of new fuel compositions, radiochemistry and waste
management;

the Institute of Physics and Power Engineering, Obninsk: nuclear physical investigations,
basic design of the BN-800 reactor core concept for MOX fuel, transmutation of minor
actinides and thorium nuclear cycle;

the Scientific and Research Institute of Atomic Reactors, Dimitrovgrad: development of
technology for the RBN vibropacked MOX fuel and spent fuel electrochemical
reprocessing;

the V.G. Khoplin Radium Institute: radiochemical studies and co-ordination of
investigations on energetic Pu utilization in the WWER-1000 NFC;

"Majak" complex: a number of pilot installations to fabricate MOX fuel and fuel elements,
reprocessing of all types of Pu production waste. Minatom's plan for the NPPs
construction in Russia and NFS operation up till 2010 is given in a recently published
"Concept of Nuclear Power Engineering Development in the Russian Federation".

The main installations to operate with MOX fuel are given in Table IV.

Currently, the possibility to use Pu both of weapon grade and energetic one in BN-350
and BN-600 is confirmed reliably enough. The two different technologies for the MOX fuel
fabrication have been developed and tested on a semi-industrial scale. They are the following:

- a technology for pelletized fuel fabrication, using various methods for producing initial
mixed U-Pu oxides (mechanically mixed, co-precipitated in sol-gel, in the form of
carbonates and ammonia hydroxides; plasma chemical denitration);

a technology for vibropacked granulated MOX fuel, obtained by electrochemical method.

The second technique has been developed at SRIAR (Dimitrovgrad) and is distinguished
by a relative simplicity, a possibility of remote maintenance and a relatively small amount of
wastes. That technology attracts the attention of US, Japanese and Chinese experts as it
could provide for a research fast reactor fuel cycle with minimum expenses.

At the same time, the possibility to use that technology for manufacturing full-scale
assemblies of the BN-800 and WWER-1000 type commercial reactors requires an additional
confirmation because of a lower specific density of vibropacked MOX fuel and some other
problems to be solved.
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TABLE IV. PILOT AND SEMI-COMMERCIAL INSTALLATIONS FOR U- Pu FUEL

Type

Lab. exper.
inst.

Scientific &
exper. complex

Pilot semi-
comm. inst
"Granat"

Pilot" semi-
comm.
inst. "Paket"

Produc. of U-Pu
fuel "complex-
300"

Produc. of U-Pu
fuel at RT-2
plant

Location

ASRI of
inorganic
materials,
Moscow

SRI for Atomic
Reactors,
Dimitrovgrad

"Majak" complex
Chelyabinsk-65

"Majak" complex
Chelyabinsk-65

"Majak" complex
Chelyabinsk-65

Krasnoyarsk-26

Life-period

1960-1970

1985 until
now

1988 until
now

1988 until
now

Since 1 985
under
construction
50%
availability

From 2005
(Planned)

Tasks being solved

Fabrication of
pellets and
experimental fuel
elements from Pu
oxides and alloys

Fabrication of fuel
elements and fuel
assemblies from
vibropacked fuel for
research &
commercial RBN

Fabrication of MOX
fuel for RBM by U-
Pu co-precipitation

Fabrication of
pellets and fuel
elements for RBN

Fabrication of MOX
fuel for RBN-800 of
South Ural NPP

Fabrication of MOX
fuel for WWER-
1000 reactors

Pu production
rate

Military Pu up to
1 t Pu per the
whole period

Military &
energetical Pu;
40-50 ass/year
to 0.5 t Pu/year

Military Pu;
80 kg Pu/year in
the form of
mixed oxides

Military Pu;
80 kg Pu/year in
the form of
finished fuel
elements

Energetical Pu:
5-6 t Pu/year

Energetical Pu to
8 t Pu/year

The Ministry for Atomic Energy of the Russian Federation has not so far conducted any
special investigations on Pu inclusion into vitrified HLW to be removed from the biosphere.
Moreover the Pu content in all types of waste is being rigidly monitored and limited.

The main trends of investigations being designed and under way are the following:

- investigation and study of the possibility to utilize Pu (both energetic and military one)
in reactors of the WWER-1000 type and in future LWR-type reactors;

- investigation and optimization of Pu utilization in BN-800 and advanced reactors;
- development of an optimum reactor concept for Pu utilization;
- development of the most money-saving and ecologically safe method for military Pu

conversion into the NPP nuclear fuel;
- minimizing the radwastes from nuclear warheads dismantlement including those from

military Pu reprocessing;
feasibility study of the most economical Pu-fuel cycle, including open NFC.

Thus, we do not know today an alternative to a long-term Pu storage, meeting all the
necessary requirements on nuclear and radiation safety, provision of reliable nuclear material
physical protection from non-authorized access and protection from Pu-release into the
environment.
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A large scale Pu utilization in nuclear power-engineering would require great investments
and the most advanced technologies. It is possible to speed up the solution of that problem
by co-operation of all the states developing the nuclear power engineering and being interested
in nuclear warheads dismantling and non-proliferation.

5. CONCLUSIONS

1. Proceeding from the present situation in Russian nuclear power engineering and nuclear
fuel cycle, Pu in the nearest future will be building up both in the form of NPP spent fuel
and processed energetic and military Pu.

2. Reduction in a stock-pile of Pu will be caused only by commissioning fast (burner)
BN-800 commercial reactors.

3. No reasons exist for Pu inclusion into solidified HLW for deep geological disposal.

4. Construction of safe and reliable storage facilities for both energetic and military Pu is
necessary in the nearest future.

5. A wide scientific and technological international co-operation is necessary to find out the
most beneficial way for Pu utilization in nuclear power engineering.
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UTILIZATION IN BN-800 FAST REACTORS OF
ISOLATED PLUTONIUM BEING ACCUMULATED
IN THE RUSSIAN FEDERATION

V.S. KAGRAMANYAN
Institute of Physics and Power Engineering,
Obninsk, Russian Federation

Abstract

The Russian Federation has presently an inventory of about 26 tonnes of civil separated
plutonium, with an annual production rate of 2.5 tonnes. When RT-2 reprocessing plant starts in
2005, the annual production will increase. In addition 50-100 tonnes of plutonium are expected
to be released from nuclear weapons. The first BN-800 reactor is supposed to be finished by 2000.
Three more BN-800 units are expected to be introduced by 2005. These four units will consume
all plutonium inventories. Use in fast reactors is preferred since Thermal reactor utilization does not
efficiently utilize the energy content — particularly of the weapon material.

The main source of isolated plutonium in the Russian Federation is a chemical
reprocessing plant RT ("Mayak" complex, Chelyabinsk). Information on civil plutonium
accumulation rate was published in the paper [1]. The total quantity of such plutonium,
stored by now at the "Mayak" complex amounts to about 26 t. At maximum production
rate of RT plant 400 t/a HM, civil plutonium output is up to 2.5 t Pu/a. At present spent
fuel reprocessing rate has been decreased to 100 t/a, respectively, plutonium yield fell
down to 0.6 t Pu/a.

Besides civil plutonium produced by RT plant, arising of weapon plutonium is
expected as a result of nuclear weapon conversion strategy, 501 in the nearest future and
another 50 t later.

Another perspective powerful source of civil plutonium might be RT-2 spent fuel
reprocessing plant intended for WWER spent fuel, if commissioned after the year 2005,
according to plans.

Civil plutonium being isolated by the spent fuel reprocessing was always considered
as a valuable power resource for nuclear power system. Weapon plutonium can be used
in the same way. It is common knowledge that in the terms of effective use of nuclear
resources only plutonium fueled fast reactors can give the best results. At the same time
they are, to a certain extent, more complicated and expensive than thermal reactors are
and this accounts for a delay in their construction.

That is why possibility of plutonium use in thermal reactors was of interest in many
countries. This issue has been investigated there for many years, and such programs exist
and are being developed nowadays.

At the foregoing Advisory Group Meeting a paper on isolated plutonium utilization in
light water reactors was discussed.

In our country the program of plutonium utilization in thermal reactors is far behind
similar foreign programs. It seems unlikely that it will have any influence on the solution
of isolated plutonium program till the year 2010.

Meanwhile, the program on plutonium utilization in fast reactors despite some delays
is going on in this country. By the end of the century shop-300 ("Mayak" complex) for
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MOX fuel fabrication for fast reactors and the first unit BN-800 reactor on Chelyabinsk site
are supposed to be finished. In accordance with the last plans of nuclear power
development In the Russian Federation three more units BN-800 reactors are to be
introduced into service till the year 2005.

First fast power reactors are of semi-industrial nature, their specific costs: capital
investment and energy cost are 1.5-2 times higher than those for up-to-date light water
reactors.

Analysis of these differences performed in this country [2] and abroad [3] has shown
that they only to a small extent (within to 25%) account for sodium coolant technology,
influence of other factors is much stronger:

achievement of high safety level;
- first of a kind fabrication technology;
- state of the fuel cycle technology, capacity and load factor of the fuel cycle

plants, etc.

BN-600 reactor operation experience was taken into account in the BN-800 reactor
design. Specific metal demand for BN-800 reactor construction amounts 75% of that for
BN-600 reactor.

The fuel cycle economics improvement for BN-800 can be achieved by enhancement
of the fuel burnup to 15-20% h.a. and by creation of a large scale automated mixed U-Pu
fuel fabrication.

Strengthening of safety requirements after Chernobyl furthered the gap between
economic characteristics of fast and thermal reactors. Inherent to fast reactors features
(low coolant pressure, relatively easy reactor control, stability of heat release fields, etc.)
as well as introduction of new technical solutions helped to meet in BN-800 design
requirements to NPP of new generation.

In particular in this reactor positive sodium void reactivity coefficient under sodium
boiling condition was excluded.

To enhance safety of our light water reactors WWER type new designs proved to be
necessary: WWER-500 and WWER-600. Their specific capital costs according to
calculations are about the same as for BN-800 being planned for construction.

In Figs 1 and 2 there are calculated estimates of isolated plutonium quantities stored
at the RT-1 plant versus of the plant production rate and depending on BN-800 reactors
introduction.

In these calculations BN-800 reactor has annual plutonium demand of about 1.6 t/a
Pu-239 equivalent and initial loading 2.3 t Pu-239 equivalent. Plutonium breeding ratio in
all the cases considered is equal about 1. Once through version of fuel cycle has been
analyzed. This fuel cycle allows to put through fast reactors at a maximum rate isolated
plutonium being accumulated in RT-1 storage and reduce irreversible losses of Pu-241 as
well as transform the isolated plutonium into spent fuel, where it is mixed with fission
products. Storage of such plutonium is more preferable in the terms of non-proliferation of
nuclear weapons.

As far as isolated plutonium storage in the RT-1 plant is concerned one can see from
the Figs 1 and 2 that this storage during, as a minimum, the next 12-15 years is
inevitable, if at least 3 BN-800 units will be introduced. In the case when less than
3 BN-800 units will be introduced the isolated plutonium from the RT-1 storage can be
thoroughly used only under conditions of nowadays fuel reprocessing rate conservation.
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Figure 1

Figure 2

Pu quantity stored at the RT-1 plant
in the function BN-800 reactors introduction (OT cycle)

(RT-1 capacity 0.6 t Pu/a)

Additional Pu demand till the year 2030
2 BN-800 - 32 t Pu

3 BN-800 - 89 t Pu

4 BN-800 - 146 t Pu

Pu quantity stored at the RT-1 plant
in the function BN-800 reactors introduction (OT cycle)

(RT-1 capacity 2.6 t Pu/a)

Additional Pu demand till the year 2030
3 BN - 66 t Pu

4 BN - 120 t Pu

55



That is why all those problems in regard to safe and economical long-term storage of
plutonium are to be solved. One of the problems is the necessity to change the nuclide
composition of the stored civil plutonium (because of Pu-241 decay into Am-241 and
arising in this connection necessity of repeated plutonium reprocessing to remove
americium).

After isolated plutonium in RT-1 storage will be exhausted BN-800 reactors can:

1. To begin reprocessing and use of their own plutonium.
2. To use plutonium, obtained as a result of conversion strategy.
3. To use isolated plutonium from RT-2 reprocessing plant, intended for WWER-1000

spent fuel.

The choice of the option can be determined by economic or ecological reasons and
possibly political considerations, connected, for instance, with a necessity of weapon
plutonium utilization.

Results of calculations show that 4 BN-800 units working in once through fuel cycle
can completely solve the problem of isolated plutonium accumulation at the RT-1 plant,
even at the maximum production rate, and, if necessary, they can put through them and
get bounded with spent fuel all weapon plutonium.

When alternative ways of weapon plutonium utilization are being considered, it is
necessary to take into account that its use in a light water reactor is connected with
50-60% loss of plutonium energy potential as far as future nuclear power is meant. And
what is very important to mention that there will occur additional accumulation of
radiotoxic minor actinides and Pu-241 which decays in the process of sourced storage into
highly toxic radionuclide Am-241.

Putting through the BN-800 reactors with BR = 1, weapon plutonium we conserve its
energy potential and practically do not change total radiotoxicity of actinides.

Besides, effective utilization of weapon plutonium in thermal reactors would require
loading plutonium in all light water reactors operated in the country, because MOX loading
in the core is restricted by 1/3 of total core fuel loading. This will complicate the
nonproliferation problem by increase of installations number to be inspected.

In the case of BN-800 reactors all plutonium fuel cycle is restricted within the
"Mayak" complex and Beloyarskaya NPP site. There are RT-1 reprocessing plant, shop-300
fuel fabrication facility and four BN-800 reactor units. It is worthwhile to mention that this
may be a joint Russian-European project of special plutonium utilizer.

CONCLUSIONS

1. Reliable and safe plutonium storage both civil and military, in a form apt for fuel
fabrication, is an inevitable and necessary stage in the solution of isolated plutonium
problem.

2. Fast reactors in Russia are prepared to plutonium utilization, including weapon one,
to a much greater extent than thermal reactors are. The problem of isolated civil
plutonium accumulation as a result of RT-1 plant operation and utilization of weapon
plutonium being released can be solved under conditions that plans exist for 4
BN-800 units introduction and their operation in once through fuel cycle at the first
stage.
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3. When alternative options of plutonium utilization are being compared it is essential
to take into account besides economical, ecological issues as well, for instance
accumulation of highly toxic long-lived actinides.
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PROBLEMS CONCERNING THE ACCUMULATION OF
ISOLATED PLUTONIUM - THE SWISS SITUATION

H. BAY
Nordostschweizerische Kraftwerke AG,
Baden, Switzerland

Abstract

At present Switzerland has only kilogram quantities of separated plutonium domestically.
Contracts for reprocessing spent fuel with COGEMA and BNFL will result in 6.2 tonnes of fissile
plutonium prior to 2004. All this plutonium will be consumed by Swiss utilities as MOX. The
inventory of separated Swiss plutonium will never exceed 0.6 tonnes. The greatest uncertainty in
the Swiss plutonium utilization programme results from delays in approval from the US DOE for
proceeding with spent nuclear fuel subject to prior consent rights.

1. RESEARCH FACILITIES

Paul Scherrer Institut (PSI) is the only facility in Switzerland that handles isolated
plutonium for research purposes. The main objectives of its research in the nuclear fuels
area are:

- improved MOX fabrication techniques;
advanced fuels such as plutonium nitrite fuels ;
actinide burning.

PSI has currently kg quantities of isolated plutonium for its research and these
quantities are likely to decrease as the importance of nuclear research decreases over time.

2. PLUTONIUM CONSUMPTION

With no other plutonium facility existing in Switzerland presently we are left with the
plutonium consumption of Swiss nuclear power plants.

For the 5 NPPs operating in Switzerland reprocessing contracts are in place with
COGEMA and BNFL to cover about 1 /3 of the estimated lifetime spent fuel arisings (980 t
HM). 6.2 t of fissile plutonium are estimated to become available from the reprocessing of
this fuel, 0,5 t have already been separated and made available to the owners and the
remaining quantity of 5.7 t are scheduled to become available between now and 2003.

Total consumption has been about 1.2 t of fissile plutonium as MOX fuels in NOK's
recycling program in their Beznau power plant. Plans have been developed or are currently
developed for the recycling of the remaining 5.0 t of fissile plutonium.

If successful, these plans will result in the use of all of the plutonium to be separated
for Swiss customers under existing reprocessing contracts by the year 2004 and the
amount of isolated plutonium for Swiss customers will not exceed at any point in time
0.6 t of fissile plutonium. This situation is depicted in Figure 1.
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FIG. 1. Plutonium arisings and plant utilization for Swiss utilities — April 1993 (assuming US prior
consent rights are renewed after 1995).

3. WHAT ARE THE MAIN UNCERTAINTIES OF THIS ASSESSMENT?

A. Plutonium availability
The lack of plutonium availability is obviously not a problem in the context of
excessive stocks of isolated plutonium. It can well be a commercial problem for those
utilities that commit to use a certain MOX fabrication capacity and cannot use this
capacity at the desired time. An uncertainty of lesser importance is that the rules for
plutonium allocation are not established in all cases (THORP).

B. Timely licensing of plutonium/MOX transfers
An important uncertainty in past has been the poor reliability of timely licenses for
transfers of plutonium and MOX if the spent fuel which was the source of the
plutonium was subject to prior consent rights by the US. Up to 4 years were
necessary to get approval for what is called a subsequent arrangement in terms of
the US DOE.

Switzerland is particularly vulnerable to these licensing delays as it is not a member
to the Euratom where nuclear material can circulate up to now and does not qualify
for programmatic approval under President Reagan Plutonium use policy.

The US-Euratom bilateral agreement will lapse in 1995 and the Swiss-US bilateral
agreement will lapse in the fall of 1 996. The conditions for transfers of plutonium
subject to US-prior consent right after 1995/1 996 are difficult to forecast. Figure 1
shows the situation assuming the plutonium that is subject to prior US consent rights
can be transferred from the reprocessing plants to the MOX fabrication plants and on
to Switzerland for use in the reactors. Figure 2 depicts the results if this is not the
case.
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FIG 2 Plutonium ansings and plant utilization for Swiss utilities — April 1993 {assuming US prior
consent rights are not renewed after 1995}

C. MOX capacity
Another important uncertainty is the availability of MOX fabrication capacity.
Currently there is competition for MOX capacity for the next several years and the
aging of isolated plutonium in the stores of the reprocessors is a major concern to
utilities
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PLUTONIUM ARISINGS AND UTILIZATION
IN THE UNITED KINGDOM

R. DODDS
THORP Division,
British Nuclear Fuels pic,
Risley, United Kingdom

Abstract

The UK has presently 11.1 GW installed nuclear generating capacity with an additional
1.2 GW under construction. Plutonium is separated domestically at Sellafield and will be separated
for both domestic and foreign customers in the THORP facility which is now complete but not yet
in operation. Current stocks of separated plutonium at Sellafield are 35 tonnes. Total plutonium
arisings from AGR fuel will be 58 t; 15 t additional plutonium will come from LWR fuel reprocessed
at THORP. Plutonium will be utilized in LWRs since fast reactor deployment has been delayed till
after 2030, and there is no incentive to use plutonium in AGRs which require only low enrichment
fuels.

1. NUCLEAR GENERATION PROGRAMME

The UK's nuclear generating capacity comprises some 3200 MW Magnox and
5100 MW AGR operated by Nuclear Electric (NE) and 2450 MW AGR operated by Scottish
Nuclear (SNL) together with 400 MW Magnox operated by British Nuclear Fuels pic (BNFL).
The only additional nuclear capacity currently under construction is the 1175 MW
Sizewell B PWR owned by NE and which is expected to be in operation in 1994.

Further expansion of the UK's nuclear generating capacity will depend on the
outcome of a Government review later this year (1 993). Although planning permission for
the proposed Hinkley Point C PWR station was approved in September 1 990 construction
approval was deferred. NE is currently expressing a preference for a twin PWR station,
Sizewell C, as the next stage of its development programme.

2. SPENT FUEL MANAGEMENT

Magnox

Magnox fuel (uranium metal/magnesium alloy cladding) must be reprocessed early for
technical reasons. All such fuel will continue to be despatched to BNFL's reprocessing
facility at Sellafield which on current station lifetime assumptions will be required until at
least 2005/2006.

AGR

Nuclear Electric has contracted to reprocess in BNFL's THORP facility1, some
3000t U, the arisings from its AGR stations up to about the year 2005. NE retains the
option of early reprocessing or of storing subsequent arisings of fuel from these stations.
SNL has contracted with BNFL for THORP reprocessing of some IOOO t U, the arisings from

1 Construction of THORP at Sellafield is complete but active commissioning and operation have
been delayed pending approval by the Regulatory Authorities of new Discharge Authorizations for
the Sellafield Site.
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their AGRs up to about 1995/1 996. For subsequent arisings of fuel from their AGR stations
SNL are planning on-site long term dry storage; a Public Inquiry on the planning application
for such a store at Torness was completed in January. However, SNL retain the option for
early reprocessing of this fuel.

PWR

Although indicative costs for spent fuel management were provided to both the
Sizewell B and Hinkley C public inquiries in terms of reprocessing, the reprocessing and
direct disposal options remain open. The current UK design of PWR provides for 18 years
of at-reactor wet storage and this would increase with the adoption of higher burn-up
and/or rod consolidation. Decisions on reprocessing or direct disposal do not have to be
taken for some considerable time.

3. SAFEGUARDED UK PLUTONIUM STOCKS

Currently there are some 35 t of safeguarded UK Magnox plutonium in stock at
Sellafield and this figure is expected to rise to about 58 t by the end of the Magnox
programme. Contracted reprocessing of AGR fuel in THORP would add a further 15 t
approximately and together with those arisings from overseas LWR fuel to which BNFL has
title and the arisings from the UKAEA's WAGR and SGHWR fuel, the grand total would be
about 74 t. Each additional t U of fuel reprocessed would provide an additional 5 kg for
AGR fuel and 10 kg for PWR fuel.

4. PLUTONIUM UTILIZATION

Fast reactor

Historically, UK policy on plutonium utilization has been based on an assumption of
early commercial exploitation of fast reactors. Recently the UK Government gave notice
of withdrawal of financial support for operation of the Prototype Fast Reactor at Dounreay
after 1994 (and of associated reprocessing operations after 1997) and terminated its
support for the European Fast Reactor Project in March 1993. This has effectively
postponed any deployment of fast reactors commercially in the UK until at least 2030.

AGR

The feasibility of recycling plutonium as MOX fuel in AGRs has been demonstrated
by trial loadings in the prototype AGR (WAGR). However, given the relatively low burn-up
and low-enrichment features of AGRs there currently appears to be no economic incentive
to recycle plutonium in AGRs. The option remains open however.

PWR

The feasibility of recycling plutonium as MOX fuel in PWRs is established. MOX fuel
could be loaded in Sizewell B and/or in other PWRs that might be built in the UK. The
stock of plutonium available from contracted reprocessing of Magnox and AGR fuel would
be enough to provide the overlife MOX requirements (at a one third core loading) of 4 to
5 PWRs.

5. MOX FUEL FABRICATION FACILITIES

The MDF (MOX Demonstration Facility) situated on the UKAEA's Windscale site at
Sellafield is scheduled to be in operation in June 1 993 with a capacity of 8 t HM pa for
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LWR MOX fuel. This is a joint BNFL/AEA Technology project and the plant will be operated
by the AEA.

BNFL's proposed SMP (Sellafield MOX plant) is, subject to approval, planned to be
in operation in 1997 with a capacity of 1 201 HM pa for LWR MOX fuel. This plant will be
situated adjacent to the THORP reprocessing facility and is being designed to utilize
plutonium from THORP that may have been stored for several years; it will also be capable
of receiving and using plutonium from other sources.
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