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1. Background

The proliferation risk in backend fuel cycle has long been a topic of polemics as was

culminated by the International Nuclear Fuel Cycle Evaluation (INFCE) under the

auspice of IAEA. The INFCE was addressed to systematic identification of diversion

problems and to recommendation of possible measures to mitigate them.

Today, decades after the INFCE, the nuclear energy industry is confronted with stark

reality represented by sluggish market and public opposition (especially to radwaste

sites) in addition to the continuing concern to proliferation risks. Among these factors,

the issue of proliferation risk is a priority consideration all along the bsckend fuel cycle.

Looking back to the INFCE era, there has not been significant enhancement for

proliferation resistance in backend fuel cycle technologies. The concept of denaturing

fissile material to render it radioactive, as suggested at the time of INFCE, has never

been materialized up to now

2. The DUPIC Tech oology

From the early nineties. a research programme, called DUPIC (Direct Use of

Spent PWR Fue! in CANDU) has been being undertaken in an international exercise

involving Korea, Canada, the U.S. and later the IAEA The basic idea of this fuel cycle

alternative is that the spent fuel from LWR contains enough fissile remnant to be burnt

again in CANDUs thanks to its excellent neutron economy A systematic R&D plan has

now gained a full momentum to verify experimentally the DUPIC fuel cycle concept.

• Compatibility wiih Existing CANDU System

A basic premise tfi&l sliuuld bo wusitfered fur a rcalisni; fuel cycle today in the

compatibility with existing power reactors, rather than to invent new one. Thanks

to the symmetric refuelling structure of CANDU core, no significant modification

of the existing system is required Reactor physics with DUPIC fuel in the CANDU

is in analysis to look at safety and controllability of reactor systems



• Feasibility ofDUPIC Fuel Fabrication

To transform spent PWR fuel into CANDU-type fuel bundle, a dry process based

on a process called OREOX, among others, is being tested as a reference (A

similar process called AIROX had been studied, in the past U.S. efforts, with an

aim to burn spent LWR fuel again in LWR, but by adding enriched uranium).

The overall process for DUPIC fuel fabrication is not much different from that of

fresh CANDU fuel, but it must be performed in a hot cell facility requiring remote

operation and maintenance as a new dimension in technological efforts and costs.

This is just the penalty to the enhanced safeguardability of the radioactive process,

this new direction, however, is convergent to the recent technical trend toward

increasing automation in the manufacturing industry to reduce labor costs and risks.

• Safeguards

The DUPIC fuel fabrication is resistant to proliferation not only because it involves

no separation of fissile material but also because the heavy shielding enclosing the

radioactive process act as a barrier to diversion possibility. This is just the concept

of "spent fuel standard" as authored by the National Academy of Science of the

U.S. in the context of weapon plutonium disposition.

In the DUPIC program, systems for containment and surveillance are being

developed to augment the safeguardability of DUPIC fuel fabrication. A recent

outcome of this developmental efforts is an instrument that can measure fissile

content in the spent fuel material with enhanced accuracy.

3. The DUPIC Alternative

The DUPIC alternative as a proliferation resistant fuel cycle concept offers a multiple

benefits that are expectable from PWR-CANDU synergism in comparison with once*

through option. Such benefits are maximized at a reactor a ratio between 3 PWRs and 1

CANDU (depending on burnup). At this optimal ratio, up to 30% saving in natural

uranium possible. Another advantage, more significant in today's perspective, is the

muliple reduction in spent fuel arising by removal of spent PWR fuel and by the doubling

burnup in CANDU. Corollary to this quantity reduction, it was also revealed that there

would be a "quality effect" of radiotoxicity reduction by DUPIC in the final disposal of

spent fuel.



Regarding the DUPIC economics, a study in the DUPIC program has indicated that

the DUPIC alternative can be competitive with once-through, as well as other recycle

options taking the synergetic effects into account.

4. International DUPIC Link

The DUPIC fuel cycle concept is characterized by burning spentPWR fuel again in

CANDU, without separating any fissile material, taking advantage of high neutron

economy of heavy water reactors. It requires therefore a reactor mix PWR-CANDU,

which Korea adopted coincidently. The possibility of DUPIC fuel linkage from LWR to

HWR is not, however, limited to mixed reactor counties like Korea : it can be extended

to countries of LWR or HWR by international cooperation if such linkage is agreed

between the interested countries

5. Conclusion

The DUPIC fuel cycle is an emerging alternative in fuel cycle backend for synergism

between PWR and CANDU (and between LWR and HWR, in general). A conspicuous

feature of the DUPIC fuel cycle concept is the proliferation resistance which is unique in

its kind. The developmental efforts are now in full swing, under international cooperation

frame, in anticipation of multiple benefits on national and international level
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Some Approaches to
Nuclear Power Development in Russia

B.V. Budilin, A.N. Chebeskov, B.K. Gordeev,
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ABSTRACT

Currently nuclear power in Russia is based on thermal neutron reactors of VVER and

RBMK types. In Russia 29 power reactors ensuring total installed power of 21.2 GW(e) are now

in operation. Nuclear power units contribution into the net electricity production amounts to about

12%. All nuclear power units including fast neutron reactor BN-600 use uranium fuel. Annual

spent fuel discharge amounts to about 800 t which contains about 41 of plutonium and 0.3 t of

minor actinides.

Power development in Russia up to year 2010 is determined by the document "Power

Strategy in Russia" approved by the government. In this document nuclear power has been

defined as a necessary part in the whole power system of the state. In Central, Western and Far

Eastern parts of Russia nuclear power has definite economic advantages in comparison with coal

and even natural gas based power. Specific situation with nuclear power in Russia consists in the

fact, that during nuclear activity in the past, large stock-piles of uranium resources have been

accumulated. These resources allow to develop nuclear power up to more significant level by year

2010 as it has been planned. At the same time because of collapse of the Soviet Union it is

occurred that natural resources of uranium in Russia is not so large as it was in the former Soviet

Union. From this point of view one should be very careful when making prognosis for nuclear

power in Russia for long-term period. As to short-term period the expected level of nuclear power

in Russia will increase slightly versus contemporary one. Up to year 2010 the main works in

nuclear industry are to update existing nuclear units and decommissioned units are to be

substituted by nuclear reactors with increased safety features.

To determine the possible level of development of nuclear power and its structure, many

factors are to be analyzed. It is worth the following to be mentioned:

Existence of natural uranium resources and their limits;

• Industry development level including nuclear industry branch;

• Availability of up-to date nuclear power plant designs with improved safety features;

• Country's ecological safety and people health protection;

• Economic indices for competition with conventional power.

Taking into account these factors, the level of nuclear power technology and Russian

territorial features, economic studies should ultimately answer the following questions: What
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contribution of the nuclear power can or is to be in the country and what is its optimal structure?

In this paper some elements of these vast studies are described. In the studies expected

assessments of nuclear power development were carried out using natural criteria of the existing

uranium resources; and nuclear power structure consideration was aimed at the balancing of

excess plutonium amounts, minimization of natural uranium requirements and minimization of

radiotoxic wastes. Some results gained in these studies are presented below.

The following scenario of nuclear power development was considered.

By the year 2010 a nuclear power level of 32 GW(e) is supposed to be reached. As for time

period 2010-2030, the authors of the study have considered two options of development, in which

nuclear power reaches 50 GW(e) and 80 GW(e) of installed electrical capacity by the year 2030,

respectively.

Judging from the obtained results one can conclude that real nuclear power development

in Russia can not exceed 50 GW(e), and that is under conditions that after the year 2030

replacement of the decommissioned units will be performed by fast reactors only which do not

require enriched uranium.

It needs to be emphasized, that the conclusions obtained, have been made with no account

for the world uranium market and at the condition of fixed uranium resources. Uranium purchases

in other countries and exploration of new uranium deposits on Russian territory can essentially

change the results.

On the other hand, a question arises. Is there sufficient amount of plutonium in Russia to

put into operation the necessary number of fast reactors? Yes, currently an excess of separated

plutonium exists, so far as it hasn't been required for the nuclear power development purposes.

But if nuclear power in Russia is supposed to be expanded, to support its capacities all amount

of plutonium will be needed. In this case even plutonium shortage could take place, and it could

slow down the realizations of nuclear power development plans.

Various options of nuclear power structure consisting of existing WER-1000 thermal reactors

and BN-800 fast reactors, have been analyzed.

It has been shown, for instance, that successive single plutonium and uranium recycling

in thermal reactors reduces natural uranium requirements by a factor 1.4 as compared with the

once-through cycle of these reactors and the amount of radioactive wastes including plutonium

decreases in this system by a factor 3 in the same comparison.

The minor actinides problem can be solved by the joint use of thermal and fast reactors.

In this case plutonium and minor actinides multirecycling results in radically new situation when

uranium, plutonium and minor actinides will be «closed» in the cycle and their release into the

environment will be insignificant, only as inevitable losses from technological operations in

chemical processing. Thus, nuclear wastes of the systems including fast reactors will consist

mainly of fission products, that is 25-50 times less than the amount of radioactive wastes for the

once-through fuel cycle.
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INTERNATIONAL COOPERATION WITH REGARD TO REGIONAL REPOSITORIES
FOR RADIOACTIVE WASTE DISPOSAL

P J Bredell
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An international working group on regional radioactive waste repositories was formed
in 1994, involving public as well as private organisations from a number of different
countries; namely, the Atomic Energy Corporation of South Africa (South Africa),
Gemeinschaftskernkraftwerk Neckar GmbH (Germany), Gesellschaft fur Nuklear
Service mbH (Germany), Deutsche Gesellschaft zum Bau und Betrieb von Endlagem
fur Abfallstoffe mbH (Germany), Elektrizitats-Gesellschaft Laufenburg AG (Switzerland),
Energy Resources of Australia, Ltd. and China Nuclear Energy Industrial Corporation
(Peoples Republic of China).

The aim of the international working group (IWG) is to investigate on an informal basis
the feasibility of an international high level radioactive waste (HLW) and spent nuclear
fuel (SNF) management system, centred around the concept of a regional repository.
The investigation focused on the technical, economic, institutional and ethical aspects
of regional repositories. The IWG also liaised with other working groups, notably that
of the IAEA on regional repositories, and also made presentations at international
symposia on this subject.

The IWG developed a concept for HLW and SNF management that can serve as a
guide in evaluating national HLW and SNF management systems in the case of those
countries which have expressed an interest in a regional repository. The suitability of
a country as a potential host (accepting) or offering country could thus be objectively
assessed.

The context in which the regional repository concept is defined by the IWG, appears
in the schematic diagram below:

Interest

Need (or a Regional
Repository

AEA: Safety Principles &
Standards

National System for
Radioactive Waste

Management

Parameters

Technical
Economic

Institutional
Financial
Ethical

-

Interested parties

Potential Host Countries
Offering Countries

IAEA
Others i

Concept Evaluation Cooperation

General system for
HLW/SNF Management

National HLW/SNF
Management Evaluation

using Concept

Establishment of a
cooperative framework of

interested countries
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The IAEA's Principles of Radioactive Waste Management, {Safety Series 111-F), and
the National System for Radioactive Waste Management, {Safety Series 111-S-1) were
taken as the point of departure in the development of the concept as shown above. In
addition to safety considerations, which are of overriding importance, other parameters
playing an important role in radioactive waste management have also been taken into
account, i.e., the technical, economic, institutional, financial and ethical factors. The
study in its present form has, however, not gone beyond the definition of the concept
itself, and thus still leaves the "evaluation" and the "cooperation" steps in the above
schematic diagram open at this stage.

The international or regional HLW and SNF management concept proposed by the
IWG is based on the assumption that repositories, regardless whether they operate at
national or international level have to be treated in a similar fashion as far as the
application of safety principles are concerned, that is, similar criteria, evaluations and
procedures apply at both the national and international level.

Each country forming part of the above international management system would retain
full institutional control of its HLW and SNF arisings as long as such wastes physically
remain within a country's national borders. When waste is transferred from the offering
to the host country for final disposal, the host accepts full responsibility for the waste,
including ownership. In the case of waste being transferred to third parties for transit
or interim storage purposes the responsibility assumed by the accepting country will
naturally be of a temporary nature.

Independent national waste management systems forming part of a combined
international waste management system are expected to interact with one another at
four different levels:

inter-governmental level: international agreements, treaties, conventions
governmental level: government and legislative support of intergovernmental
agreements

- organisational level: contractual arrangements between waste generators and
operators

- operational level: compliance with safety requirements

The IWG produced a report in September 1996, concluding that while the regional
repository concept offers major advantages especially from an economic and safety
point of view, political and public acceptance aspects need to be treated with caution.

The IWG is of the opinion that it would be entirely feasible for a group of countries,
each of which is generating radioactive waste in such quantities as to render individual
HLW and SNF disposal facilities unrealistic, to dispose of their waste in a common,
safe and viable disposal facility, provided by one of the participating countries.

The IWG intends continuing with its present programme in terms of the scheme
outlined above, i.e., to involve other interested parties in the further development of the
regional concept; to evaluate the national waste management systems of interested
parties in terms of the general IWG concept; and to establish cooperative agreements
amongst such parties where possible, with a view to preparing the way for a future
international waste management system based on the regional repository concept.
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NONPROLIFERATION AND SAFEGUARDS ASPECTS OF ALTERNATIVE FUEL
CYCLE CONCEPTS

P. J. PERSIANI
Argonne National Laboratory
Argonne, IL 60439 USA

The purpose of the study is to comment on the proliferation characteristic profiles
of some of the proposed fuel cycle alternatives to help ensure that nonproliferation
concerns are introduced into the early stages of a fuel cycle concept development
program, and to perhaps aid in the more effective implementation of the international
nonproliferation regime initiatives and safeguards methods and systems. Alternative
recycle concepts proposed by several countries involve the recycle of spent fuel without
the separation of plutonium from uranium and fission products. The concepts are
alternatives to either the direct long-term storage deposition or the purex reprocessing of
the spent fuels.

Some of the alternate fuel cycle concepts being investigated include: the dry-
recycle processes such as the direct use of reconfigured PWR spent fuel assemblies into
CANDU reactors (DUPIC);'11 and low-decontamination, single-cycle co-extraction of fast
reactor fuels in a wet-purex type of reprocessing. The nonproliferation advantages
usually associated with the above non-separation processes are: the highly radioactive
spent fuel presents a barrier to the physical diversion of the nuclear material from the fuel
cycle; introducing the need to dissolve and chemically separate the plutonium from the
uranium and fission products; and that the spent fuel isotopic quality of the plutonium
vector is further degraded. Although the radiation levels and the need for reprocessing
may be perceived as a barrier to the terrorist or the subnational level of safeguards, the
international level of proliferation concerns is addressed primarily by material accountancy
and verification activities which are the international safeguards measures of fundamental
importance. Enhanced accessibility to the fuel cycle process flows and inventory
therefore becomes a primary nonproliferation characteristic.

Consequently, on the international level of nonproliferation concerns, the non-
separation fuel cycle concepts involved have to be evaluated on the basis of the impact
the processes may have on nuclear materials accountancy. Safeguards R&D would have
to address the implementation of advanced non-destructive assay and accountancy
methods for the dry-processing systems having concept specific holdup characteristics
(measurable and non-measurable).

In the single-cycle co-extraction concept for fast reactor systems, similar impacts
on the international safeguards could be anticipated. Although co-extraction may mitigate
international proliferation concerns in comparison to the existing fast reactor fuel cycles,
there is the need for developing safeguards methods to address minimizing fuel handling
and processing operations for spent fuel blanket assemblies in and out of the reactor
environment.

The thorium-uranium fuel cycle is being pursued on a limited scale by several
countries.'2' The primary incentive for the thorium-uranium fuel cycle would be in
extending the utilization of indigenous nuclear material resources in thermal and fast
reactor power systems. The U-233 produced in the Th-U cycle, is as fissionable and
radiotoxic as Pu-239. Although systems have been proposed in which the U-233 is
denatured with U-238, even the denatured Th-U/U-233 introduces non-proliferation
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concerns. The suggested cycles include U-233/U enrichment levels ranging from three
to twelve percent. Studies in isotopic separation processes have indicated that the
separation of U-233 is greatly facilitated in comparison to the low enrichment U-235/U
cycle. The ease of the isotopic separation is a consequence of the mass difference of
five between U-233 and U-238 as compared to three for the U-235 and U-238, the higher
concentration levels of the U-233/U fuel, and the lowered inventory fuel requirements to
achieve significant-quantity levels. These considerations would have to be integrated into
the evaluation of the non-proliferation characteristics of the thorium-uranium cycles.

The disposition of excess weapons plutonium from disarmament programs has
been explored in many studies and by many countries in the past few years. There
appears to be a general consensus forming which has identified the preference for
continued study of two major options: use in reactors, and immobilization. The reactor
alternatives involve the use of MOX fuel as a fuel source for commercial reactors (LWRs,
WERs, CANDUs, and Fast Reactors). The immobilization alternative involves the
plutonium mixed with highly radioactive material and glass (vitrification) in a matrix and
stored into a canister. The consensus also included the time lines: the plutonium
dispostion program is to be initiated in approximately 10 years, and the program should
be completed in about 25 to 30 years thereafter.

In the case of MOX fuel burning in thermal reactors, the once-through fuel cycle
operation transmutes the weapons-grade plutonium into a form that is as inaccessible and
unattractive for weapons use as that of the plutonium contained in the spent fuel from
current commercial reactors (Spent Fuel Standard). The use of thermal reactors would
transmute the weapons plutonium into spent fuel plutonium isotopic nominal
concentrations in weight percent of about 0.16, 56, 28, 13, 3 for Pu-238, Pu-239, Pu-240,
Pu-241, and Pu-242, respectively for a once-through 40-45 GWD/T burnup cycle.

The burning of weapons plutonium as MOX fuel in fast reactors with conversion
ratios of about unity, results in a plutonium vector, for the once-through cycle (open
cycle), in the nominal range of 0.1, 84, 14, 1.1, and 0.1 weight percent for Pu-238, Pu-
239, Pu-240, Pu-241, and Pu-242, respectively. The isotopic degradation does not differ
much from the initial feed weapons-grade plutonium. The plutonium isotopics would
approach the LWR spent fuel concentrations levels, if an equilibrated feed and discharge
fuel recycle mode of operation is utilized in the fast reactor case. However, the
equilibrated fuel cycles would require some 5 to 6 recycles which would then exceed the
time line for completing the disposition program.

The international commercial development and deployment of nuclear fuel cycle
systems for electricity generation have essentially followed the evolutionary extension of
the consensus arrived at in the 1980 INFCE study. The technical study focused on the
importance of preventing nuclear proliferation by the misuse of the technologies, facilities,
and materials used in the nuclear fuel cycle for the purpose of developing nuclear
weapons.

References:
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Emerging Nuclear Fuel Cycle Systems, Versailles, France, p46-53 (September 11-
14, 1995).
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The authors are discussing these questions, and others that may arise, with scientists and
others in developing countries and members of Non-Governmental Organizations (NGOs).

A closed nuclear fuel cycle as once envisioned by Enrico Fermi would repeatedly
generate plutonium 239 from natural uranium, separate the plutonium for burning as fuel, and
ultimately leave only fission fragments for waste disposal. Particularly since a Ford Foundation
study in 1977 questions relating to the hazards of plutonium usage in weapons by terrorists or
rogue states, have cast some doubts on the desirability of plutonium breeding and reprocessing.
This paper raises the issues as a number of questions that will require attention, as identified
below.

It has been argued that nuclear power does not produce air pollution, or "greenhouse
gases," and provides a long-term sustainability of energy supply. Are these arguments
sufficiently well known and widely accepted?

Since 1973 there has been increasing attention to renewable energy sources as alternatives
to both nuclear and fossil fuels. Are these sufficiently promising to permit elimination of the
breeder reactor as an option for the future?

Some have argued that recent developments justify a go-slow approach on the breeder
option. Are there nevertheless situations that demand early development of breeders? In any
event, what is an optimum pace for such development? . .

It is clearly desirable to maintain as many options as possible for the future. But at present
there is no coherent plan for keeping the breeder option available. What has been accomplished,
since curtailing the U.S. breeder program, to develop an acceptable program?

The 1994 National Academy of Sciences report on excess weapons plutonium disposition
identified the existence of such material as a "clear and present danger." Is this an accurate
characterization? If so, what action needs to be taken in this and other countries?

One option for weapons plutonium disposition is to bum it in a power reactor. That
option could temporarily reduce the demand for reprocessing nuclear fuel. Should we spend the
time to develop technology for safer and less expensive reprocessing? What are the true
economic costs of reprocessing using present processes, and can they be brought down?

It is now recognized that weapons can be constructed from "reactor-grade" plutonium
from spent fuel. What is the difference, if any, between reactor- and weapons-grade plutonium in
weapons use? Can reactor grade plutonium be protected in less costly ways? What are the
criteria, in each case, for sufficiently secure storage?

The entire question of possible terrorist use of nuclear explosives demands further
exploration, especially given the possibility of very serious non-nuclear threats. How do terrorist
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threats change when there is a possibility of a nuclear component?
The storage of spent fuel presents different problems from that of separated plutonium. Is

there an appreciable advantage in storing separated plutonium in a central facility, vs. storing
unreprocessed fuel in dispersed locations?

Considerable attention has been given to the possibility of alternative fuel cycles that are
less susceptible to diversion of separated plutonium. While preparing for reprocessing in the
future, do we need to modify the fuel cycle to make it more proliferation-resistant?

An interesting approach studied at Argonne National Laboratory was for an Integrated
Fast Reactor cycle featuring pyroprocessing to eliminate the presence of separated plutonium that
might be more easily diverted. Are the potential advantages oflFR great enough to warrant
demonstration of the cycle's engineering feasibility, in this country or elsewhere?

Progress in post-cold-war relations makes possible international cooperation feasible on a
scale not previously envisioned. What are the possible ways of using existing or planned
international facilities in safeguard and in fuel cycle research efforts?

It is certainly desirable for nonproliferation and environmental reasons to remove
plutonium and other long-lived actinides from spent fuel. What are the cost advantages (either
economic or in terms of public perceptions) of such removal?

Waste disposal issues remain unsettled world-wide in the absence of a permanent
repository. Many cost issues remain: How does the IFRfuel cycle compare inmost? Is it
preferable to store excess plutonium, or to burn it as MOX now and make it again when needed?
What would be the cost of ensuring sufficient capacity for burning plutonium as soon as it is
separated?

A thorium fuel cycle, generating uranium 233 instead of plutonium, has much attraction.
Can a thorium be used instead of, or in addition to, a plutonium cycle? Does it have significant
advantages?

Sub-critical assemblies, driven by spallation neutrons from a particle accelerator, have
been proposed to enhance safety. Does the extra flexibility obtained by avoiding criticality
enable us to use a more proliferation resistant cycle?

Breeder reactors are often criticized because of their use of liquid sodium coolant,
perceived as dangerous. How do we convince ourselves and the public that the sodium danger,is
under control?

Power reactor accidents, even minor ones, have created a public image of extreme danger.
Has the history of nuclear accidents (failures and successes) been adequately recorded,
understood, and explained?

The toxicity of plutonium has also raised safety issues. These have been thoroughly
discussed in Clarke et al., of NCRP in the UK. Has this study been widely accepted?

The worldwide threat of nuclear proliferation remains the overwhelming one that
dominates rational consideration of nuclear fuel cycles. This is especially the case in South Asia.
Can more imaginative, quite talks with India and Pakistan persuade them to come to a non-
nuclear agreement on their own which would satisfy the rest of the world?

The full paper will include a preliminary discussion of Third World and NGO responses.
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The U.S. National Research Council [1] has recently issued the report of its committee that
studied technologies for separations and transmutation of radioactive wastes. The committee studied
the effects of waste transmutation on waste disposal and on other parts of the nuclear fuel cycle.

The committee reviewed three concepts for transmuting radionudides recovered from die
chemical reprocessing of commercial light-water-reactor (LWR) fuel: LWR transmutation reactors
fueled with recycled actinides, advanced liquid-metal reactors (ALMRs), and accelerator-driven
subcritical reactors for transmutation of waste (ATW). The concepts were evaluated in terms of: (1)
the extent to which waste disposal would benefit from transmutation, (2) time required to reduce the
total inventory of radionudides in the waste and fuel cyde, (3) die complexity of die overall
transmutation system, (4) the extent of new development required, and (5) institutional and economic
problems of operating such systems.

Transmutation could affect geologic disposal of waste by reducing the inventory of
transuranics, fission products, and other ndiomidides in the waste. Reducing die inventory of
transuraniet does not necessarily affect radiation doses to people who use contaminated ground water
if the dissolution rate of transuranics in waste is controlled by dements! solubilities. However,
reducing inventories of Am and Pu would decrease potential hazards from human intrusion. The
Ilkdibood for underground nudear erlticality could also be reduced, if desired.

Each of die three transmutation concepts reviewed can also be viewed as an alternative means
of generating commercial electrical energy, whDe reducing die amount of radionudides mat roost
ultiinatdy go to waste disposal. However, only a small fraction of the ndionudides charged to die
transmutor are actually consumed during an irradiation cyde. The radionudides recovered from
transmutor discharge fuel must be recovered and recyded many times. Thus, only a partial net
reduction occurs over each reactor lifetime, the mttransmuted radionudides being passed to die next
generation of reacton for further reduction. There can be no assurance that nudear energy generation
would continue or that similar transmutor reactors would be chosen to replace die previous
transmutors. Therefore, die Inventory of untransmuted radioactivity in die reactor and Aid cyde must
also be considered as potential waste.

The "transmutation ratio* Is defined as die ratio of accumulated radionudide Inventory in an
alternative once-through LWR fud cyde to die inventory in a transmutation fud cycle of die same
electrical power. This ratio increases with time. Transmutation of transuranics CTRU) was emphasized
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in most traasmutor concepts, so calculations were made of the transuranic ratio, a measure of the net
inventory reduction of transuranics relative to the accumulated transuranic inventory produced by the
reference once-through LWR. For an ALMR transmutor with a breeding ratio of 0.6S (a breeding
ratio sufficiently high to preserve passive safety features) and for 0.1 percent of the processed
transuranies appearing in the waste, several hundred years would be required to reduce the total
transuranic inventory by even a factor of 10 at constant power. Thousands of years would be required
for a hundred-fold reduction by ALMR and LWR transmutors. The ATW could obtain about tenfold
more rapid inventory reduction because of Its very high thermal-neutron flux. However, extremely
low process losses would be tequired for the ATW to meet its design goals.

The long-lived fission products Tc-99,1-129. Cs-135 and others typically contribute most to
the long-term radiation doses to future people who use contaminated water from the repository.
Transmutation of Tc-99 and 1-129 requires thermal or epithermal neutrons, readily available in LWR
and ATW transmutors and potentially available if a thermalized region is appended to an ALMR. To
transmute Cs-135 stable Cs-133 would first have to be isotopically separated, a formidable task in the
presence of intensely radioactive Cs-137.

Elimination of most of the transuranics would reduce heat generation relative to spent fuel.
At 10 years alter discharge transuranics in spent fuel contribute 20 percent of the heat generation rate.
60 percent at 100 years, and 99 percent at 300 yean. Sequential loading of high-level waste free of
transuranics could increase the loading of waste in a given area of repository. Storing separated Cs-
137 for a few hundred yean could result in an even larger increase in areal loading.

Any of the transmutation fuel cycles considered here would require reprocessing and multiple
recycle. Process losses would have to be reduced far below those in current reprocessing technology.
Current technologies for fuel reprocessing, if constructed in the U.S., would be too expensive for
transmutation fuel cycles in commercial light-water reactors. Costs and even the technical feasibility
of new high-recovery reprocessing schemes proposed for transmutation are extremely uncertain.

There is no evidence that application of a transmutation fuel cycle holds sufficient merit for
the United States to delay the development of the first nuclear waste repository to contain commercial
spent fuel. Even with a transmutation fuel cycle, a geologic repository would still be needed.

REFERENCES
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The nuclear industry is characterized almost everywhere by a

high degree of international cooperation and transnational di-

vision of labour, ranging from research and development to

reactor building, ownership and operation, from uranium mining

and fuel production to reprocessing, from safeguards to safety

standards, from electricity generation and distribution to

finance and insurance. Joint undertakings, shared responsibili-

ties and interdependent activities cutting across national

boundaries bate been a well-established feature of the nuclear

industry for many years, often supported and regulated by inter-

governmental agreements. Remarkably, though, such cooperative

practices are almost totally absent at the back end of the fuel

cycle where the final disposition and disposal of spent fuel

and radioactive material is concerned. Here only national

solutions to problems of individual countries are being active-

ly pursued, although none has1 advanced very far. At the same

time, tentative exploration of various schemes of internationali-

zation has regularly foundered at an early stage.

Why is this so? What are the reasons for the nuclear industry's

failure to extend international cooperation to such areas as

spent fuel storage, waste management and plutonium treatment?

Which arguments weigh in favour of internationalization, and

which factors are working against? How do political, legal, in-

stitutional, commercial and technical criteria relate to each
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othar at the back end Off the fuel cycle when international

arrangements are at stake? How does the civilian and military

(security, nonproliferation) interface come into play? For

which, purposes and lander what kind of circumstances is inter-

national cooperation aost likely to "be sought and to succeed?

A basic assumption of tbdta paper is that domes-tic political

pressures in individual countries, sore than anything else,

determine the scape and direction of back-end fuel cycle

policies:. These pressures are notoriously unstable and short-

lived, whereas provisions for the back end of the nuclear

fuel cycle require extremely long-term commitments by govern-

mental authorities and industrial operators. Under cross-cutting

pressures, policy defcisions tend to be postponed and their

implementation is likely to be delayed and avoided. The re-

sulting stalemate in segmented national domains is at odds,

however, with the transnational dynamics of interdependent

industrial activities. It impairs the health and may ultimately

threaten the survival of the nuclear industry.
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Abstract

Many people in the world express the concern that global wanning will become an increasingly
serious problem. A rapid increase in population and demand for energy in the Asian region must be
discussed in this contest For example, it is forecast that Ac population in the Asian region will
account for more than 50 percent and a demand for primary energy will reach abort 35 percent in the
world totals.
Despite the forecast of an increase in demand for energy, the Asian region is short of oil and natural
gas resources. In addition, only less energy can be supplied by renewable energy sources in the
Asian region than in the other regions because of high population density. Hie problems with global
warming must be met by all countries in the world and, therefore. It is important that the Asian
countries also suppress the discharge of greenhouse gases wherever possible.

Nuclear energy is an important energy resource for fulfilling the future increasing energy demand in
mo Asian region and for contributing to the suppression of carbon dioxide emissions. In the Asian
region alone, however, we cannot rely limiticssry on LWR which does not osephrtonium. According
to a scenario analysis, die total capacity of nuclear power plants in the Asian region would reach large
scale and Ac cumulative amount of demand for natural uranium will increase to about 5 million tons in
the Asian region atone.
While reserves of uranium are not well knows, just the nuclear power plants of this scale in Asia alone
will rapidly consume mo world's cheap natural uranium resources if we rely only on natural uranium.
In addition, me volume of wastes to be disposed of could be reduced significantly.
Actually enabling the above nuclear power development requires me continuing reliance on nuclear
power generation and high economic efficiency. In the Asian region, few countries have embarked
on nuclear power generation and the capacity of equipment is still small. Currently, however, many
plans for nuclear power generation are being designed. Many Asian countries obviously consider
nuclear power generation as a valid option.
Many potential policies most be examined in the light of future uncertainty. In me future, both
renewable energy and nuclear energy must be resorted to. When nuclear energy is utilized, the use
of plutonium and FBR in the Asian region must be taken into account in order to attain continual
growth and development
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The Global Nuclear Vision Project at the Los Alamos National Laboratory is

investigating a range of long-term nuclear energy futures as well as exploring and assessing

optimal nuclear fuel-cycle and material strategies. The established ERB (Edmonds, Reilly,

Barns) global E (energy/economics/environmental) model [1] has been adopted and

expanded to include 13 global regions and modified with a simplified, but comprehensive

and multi-regional, nuclear energy model. The model has been used to construct scenarios

where long-term (~2100) demographic, economic, policy, and technological drivers create

a competition between nuclear power and other energy sources, resulting in trajectories

over time for nuclear energy. Long-term futures are examined at two levels in a hierarchy

of scenario attributes that are either external or internal to nuclear energy. The impact of

top-level scenario attributes (the external drivers illustrated below) on nuclear market shares

was first examined. Lower-level scenario attributes (internal drivers built around differing

fuel cycle strategies) were then examined. These strategies, which are aimed at areas such

as back-end nuclear material management, the long-term sustainability of nuclear energy,

and proliferation risk, also impact global or regional nuclear energy market shares.

Investigations of top-level scenario attributes include population, workforce

productivity (impact on GNP), energy-service technology improvements, taxes to limit

greenhouse gas (GHG) emissions, and nuclear energy capital costs. Changes in these

highly varied external drivers produced a nearly identical spectrum of high, medium, and

low nuclear energy demand variants that generally agree with recent (but shorter time

period) analyses [2]. A trend in all these scenarios is a regional constancy of nuclear

energy usage (traditional users such as OECD) in the first quarter to half of the 21st

century, followed by a shift to developing countries (primarily China) in the second half.

Figure 1 summarizes the impact on nuclear energy demand caused by: a) changes

in carbon tax; b) changes in end-use energy efficiency; and c) changes in nuclear energy

capital costs. Carbon taxes create a favorable environment for nuclear energy growth, but
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FIG. 1. Impact of carbon taxes, unit total costs [UTC($AVe)], and end-use efficiency (ek)
on nuclear energy demand; comparison with Ref.[2].

the (capital) cost-driven increase or decrease in nuclear energy demand alone has little

impact on GHG emissions. Decreased end-use energy efficiency (increased energy

intensity) also increases demand for nuclear energy and raises both fossil fuel demand and

related atmospheric carbon emissions.

One aspect of this fuel-cycle study focused on the economics of breeder reactor

systems required for significant penetration of such systems into the nuclear sector under

different assumptions of world uranium resources. Breeders are found to appear in the

marketplace only under conditions of: a) conservative uranium resource assumptions; b)

relatively low capital costs (comparable [within 10 percent] to LWRs); and c) significant

increases in costs of fossil fuel, as may arise from the carbon tax scenario examples

illustrated in Fig. 1.
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The second aspect of the fuel cycle study tracked the regional and global buildup of

plutonium inventories, and the impact of different management strategies on these

inventories. The basis scenario of a once-through LWR fuel-cycle indicated the expected

continuing buildup of plutonium inventories, with the source of the accumulation shifting

over time from OECD to developing nations. Departures from this basis scenario for

nuclear materials management examined the impact of a global reprocessing and MOX use

strategy (average MOX core-fraction asymptote of 0.3) as well as implementation of fast

spectrum burner (FSB) systems (either reactor or accelerator based) on plutonium and

spent fuel inventories.

Implementation of a worldwide MOX strategy, starting around 2005 and resulting

in an average MOX core-fraction asymptote of 0.3 for all LWRs in the world by 2030-

2035, produced a flattening of the plutonium growth curve caused by the initial deployment

of MOX fueled systems. However, as inventories of plutonium that can no longer be

recycled in LWRs (after 3 recycles for the present study) increase over time, the plutonium

inventory rises again. Additionally, in some regions of the world (developing countries

with large nuclear growth but no significant spent fuel backlog), available plutonium

inventories may not be adequate to fuel new LWRs at the exogenously driven

implementation of MOX core fractions assumed, unless external spent fuel is supplied to

make up the shortfall.

The examination of FSB reactor (LMR/IFR) or accelerator-based (ATW) systems

identified a number of issues. Specifically, development of such technologies must be

aware of and concentrate on minimizing the overall cost of the FSB system by:

a) maximizing the support ratio (number of LWRs supported by one FSB) by decreasing

the conversion ratio in reactor systems; b) increasing the efficiency of accelerator-based

operation (operation at high neutron multiplications to minimize recirculating power);

and/or c) minimizing the capital and operating costs of the FSB system. Otherwise, these

studies indicated a potentially unacceptable negative impact on the market share for nuclear

energy scenarios that employ such FSBs in synergy with LWRs.
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After an exhaustive interagency study, the United States has declared that 52.7 tons of plutonium,
over half of its stockpile, is excess to its military needs, and has decided to pursue a dual-track approach to
eliminating this excess stockpile, burning some of it once-through as power-reactor fuel, and immobilizing
the remainder with intensely radioactive fission products. This effort represents a significant step toward
increasing the irreversibility of nuclear arms reductions and reducing the risk of nuclear proliferation.

The United States expects to complete disposition of this material over the next 2-3 decades, at a
net discounted present cost of approximately $1.5 billion. International verification and stringent security
and accounting for the material are planned for the entire program. U.S. studies indicate that the cost,
timing, uncertainty, environmental and safety impacts, and nonproliferation and arms reduction
implications of the reactor and immobilization options are broadly similar. Each option has advantages
and disadvantages, none large enough to be decisive; ultimately the United States concluded that highest
confidence of success could be achieved by pursuing both approaches simultaneously.

Only a small number of U.S. reactors and relatively modest modifications to U.S. immobilization
facilities will be required to implement the preferred approaches. Development and testing activities are
already underway, and demonstrations of conversion of plutonium weapons components to oxide,
immobilization of plutonium in large waste canisters, and use of fuel made from weapons plutonium in
reactors are planned for the next several years. However, neither the United States nor Russia is likely to
carry out disposition of a large fraction of its excess plutonium stockpile unless the other's excess stockpile
is also being reduced in parallel; this is a job that the two countries are going to do together, or not at all.

The dual-track approach, while controversial in the United States, is completely consistent with
long-standing U.S. nonproliferation and fuel-cycle policies, which do not encourage reprocessing, and
which support reducing stockpiles of separated plutonium worldwide. Nevertheless, political and legal
challenges to implementation of the dual-track approach can be expected, which may delay progress.

In the author's personal view, the largest obstacle to implementing plutonium disposition is the
difficulty of finding the requisite financing for disposition in Russia. An international cooperative
approach is needed, with possibilities including on-budget contributions from major governments (as are
being used to finance shut-down of the Chernobyl reactor and construction of reactors in North Korea), or
some form of barter arrangement, in which, for example, construction of the needed facilities might be
done in return for provision of uranium and enrichment services. A joint venture between Russia's nuclear
ministry and Western fuel cycle firms, financed from additional sales of highly-enriched uranium (HEU),
could provide a financing mechanism for plutonium disposition, a self-sustaining international entity to
implement the needed steps, disposition of additional quantities of HEU, and substantial business for both
Russia's nuclear cities and Western firms, all at little or no direct on-budget cost to the governments of
participating countries.

The author also argues that achieving the goal of substantially increasing the irreversibility of
nuclear arms reductions will only be achieved when the stockpiles of reserve warheads and fissile materials
available for rapid increases in the deployed arsenals are reduced and controlled, requiring a far-reaching
regime to limit and reduce the total stockpiles of nuclear warheads and fissile materials in participating
countries. To succeed in such a difficult endeavor, and to establish the necessary international financing
and management mechanisms, will require a significant increase in high-level attention devoted to this
critical international security problem.
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Recent NEA work on plutonium has been, essentially, targeted at economic and scientific aspects and
the need to identify suitable technical solutions, despite the existing political uncertainties associated with
their implementation. Such studies provide the facts and current views concerning plutonium and its civil
use; address questions influencing the choice of fuel cycle options and illustrate how economic and
logistic assessments of the alternatives could be undertaken.

An ad-hoc expert group, with a membership drawn from fifteen countries and three international
organisations, which was formed in early 1994 under the auspices of the NEA, with the task of
identifying, examining and evaluating the broad technical questions related to plutonium management, has
just published its work.

This paper discusses the work and main conclusions of the expert group and focuses on the following
two topics:

• Technologies, already implemented, which provide for short and medium-term storage of
plutonium or for recycling the plutonium through reactors. A brief review is provided of
experience gained with them and technical commentaries are made on their potential future
deployment.

•J* Such technologies may, in the longer term, be joined by a further range which are, in some
cases, already under development. Attention is drawn to those additional options that may
become available.

Another NEA expert group studied in detail the economics of the open and closed fuel cycles and
reported, in 1994, its main findings:

• Some economic considerations of importance to various aspects of plutonium recycling are also
presented in this paper.
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ABSTRACT

Water-cooled reactors represent the only types which have reached widespread

commercial use up to the present day. Given the plentiful supply of uranium in the

world today, this situation might be expected to continue for some time into the future.

Nevertheless, for different reasons several countries consider that either new reactor

types should be developed or that existing types should be improved substantially. The

predominant reason in the short term is to improve the competitive position of nuclear

energy supply versus fossil energy. In the longer term, regional and national fuel

supply independence may become the dominant driving forces.

This paper outlines several possible means for responding to these driving

forces. It is not meant to include an exhaustive list of all possibilities, but only to

illustrate some alternative routes. These routes range from enhancement of existing

reactor concepts to combination of nuclear with fossil systems, and finally to the

introduction of radically new thermal reactor concepts. Each of these has its obvious

advantages and disadvantages and will come forward or will recede depending on

technical feasibility, economics, long-term sustainability, and national policy.
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This paper contains a brief description of the main reasons of emerging of fast reactors
representing separate direction in the nuclear power. The complex story of fast reactors is
outlined, including the development of experimental, demonstration and commercial reactors
(in some countries).

On the base of the analysis of R & D work results and fast reactor operating
experience gained in several countries, conclusion is made on that the technology of these
reactors cooled with liquid sodium can be considered as one sufficiently developed from the
standpoint of technical approaches and safety assurance.

It is shown that the improvement of parameters, system arrangement and component
designs of the sodium cooled fast reactors should be continued in the main following
directions:

- Improvement of NPP and fuel cycle economical characteristics. The possibility of
considerable increase of economical characteristics of fast reactor NPP is demonstrated using
the EFR and the BN-800 reactor designs as examples.

- Increase of fast reactor potential in improving the environmental characteristics of
the nuclear fuel cycle.

This aim can be achieved by the development of multi-purpose core designs capable
of efficiently burning long lived actinides and fission products, as well as efficiently utilizing
both civil and weapons grade plutonium.

The advantages of fast reactors, related to the improvement of the environmental
characteristics of the spent nuclear fuel can become apparent when using the optimum
structures of nuclear power based on both thermal and fast reactors.

- Further improvement of fast reactor safety systems using passive elements as well as
optimization of these systems with the economical factor taken into account.

The examples of up to date fast reactor concepts are: the EFR in Western Europe, the
BN-800 reactor in Russia, DFBR in Japan, the PFBR in India, and the LMFR being
developed by GE in the USA.

On the basis of analysis of the power development in general and the nuclear power
in particular, it is pointed out in this paper that the basic feature of a fast reactor - to
efficiently reproduce nuclear fuel - may be needed in the period 2030-2050. Taking into
account a successful development of fast reactor technology (Russia, France, Japan) and also
some regional peculiarities in power supply or solution of ecological problems, the
construction of individual NPPs with fast neutron reactors can be expected in an earlier
period (2010-2020).
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World energy demands are set to increase through the next Millennium. As fossil fuel
reserves fall and environmental concerns increase, there is likely to be growing dependence
on nuclear and renewable sources for electricity generation. Hence, there will need to be a
competitive nuclear fuel cycle industry in the year 2050.

This paper summarises some of the more significant business requirements for nuclear
fuel cycle technologies over the next 50 years. We emphasise the need to consider the fuel
cycle as a whole, rather than as a number of individual stages - the 'holistic' fuel cycle.
Achieving this long term target will require more flexible processes, greater synergies
between existing systems and those planned for the future, more emphasis on co-ordination
between the sectors and a greater role for international collaboration.

We then present examples of specific fuel cycle technologies that are likely to see
commercial realisation in the period 2015-2050. These visions of the future have been
provided by a multi-national spectrum of senior figures from research and industry, and
though not intended to be comprehensive, enable us to list a number of key issues that the
industry will face.

Enrichment services are likely to be provided by advanced gas centrifuge technology
and laser isotope separation, as the older and more energy-intensive diffusion plants are
retired. Enrichment of re-cycled uranium already provided by the centrifuge enrichers, will
continue to supply a small proportion of the world's fuel requirements, especially if laser
isotope separation is able to selectively enrich the U-235 competitively. The advent of laser
isotope separation will also lead to a restructuring of the industry to accommodate the use of
uranium alloy as well as UF6.

The likely reactor mix is debated elsewhere. For the present paper, we assume that
existing and advanced LWRs will be available, with the FBR and high temperature reactor
maturing towards the middle of the next century. Burn-up levels are likely to stabilise at 55-
60GWd/t for LWR's involved in recycling. If'back-end' disposal costs increase
dramatically, higher burn-ups (to maybe lOOGWd/t) could be sought, but these will require
radically new fuel designs and cladding materials. The high temperature reactor will utilise
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coated particles, thus removing the clad limitations and so achieve high burn-ups in once-
through cycles.

Reprocessing will see evolutionary improvements in the aqueous (PUREX-type)
technologies, driven by the need to reduce waste volumes and plant costs and enhance safety.
Destruction of the separated long-lived actinides and fission products by transmutation in fast
reactors or accelerator driven subcritical systems may be realised if the process can be
economically and environmentally justified. In particular, in the long term, P&T is
compatible with a "mixed park" concept utilising on-site recycling, possibly with non-
aqueous reprocessing technologies like pyrochemical reprocessing. Molten salt
pyroelectrochemical processes have already been demonstrated for oxide and metal fuels and
offer a number of process advantages. Fluoride volatility or direct repeated irradiation
concepts like DUPIC are also feasible. Integration of reprocessing and subsequent fuel
manufacture will be essential if the benefits of the holistic fuel cycle are to be realised.

MOX fuel will grow in importance amongst utilities opting for recycling, led in some
cases by disposition of ex-military material. Fabrication costs will be reduced through
automated and simplified processes and will again be integrated with reprocessing
technologies.

Direct disposal will be required, regardless of the development of recycling
technologies. Today's system which relies on insoluble fuel encapsulated in copper canisters,
surrounded by a bentonite clay in a deep repository is likely to be widely adopted. Such a
system can be retrievable in future if required. For waste, the challenges include the
treatment of historic wastes, reducing discharges and producing cost-effective strategies that
are environmentally sensitive. Evolution of todays technical solutions are likely.

Finally, a number of key technical and institutional issues are summarised. These will
need to be addressed as nuclear power plays an increasing role in meeting the world's
sustainable energy demand over the next 50 years.
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This paper sets out the regulatory framework within which nuclear fuel cycle materi-
als are transported. It establishes the basic principles of those safety regulations and
explains the graded approach to satisfying those requirements depending on the haz-
ard of the radioactive contents. The paper outlines the minimum performance stan-
dards required by the Regulations. It covers the performance standards for Type C
packages in a little more detail because these are new to the 1996 Edition of the
IAEA's Regulations for the Safe Transport of Radioactive Material and are less well
reported elsewhere at present. The paper then gives approximate data on the number
of shipments of radioactive materials that service the nuclear fuel cycles in France,
Germany and the UK. The quantities are expressed as average annual quantities per
GWel installed capacity. There is also a short discussion of the general performance
standards required of Type B packages in comparison with tests that have simulated
specific accident conditions involving particular packages. There follows a discussion
on the probability of packages experiencing accident conditions that are comparable
with the tests that Type B packages are required to withstand. Finally there is a sum-
mary of the implementation of the Regulations for sea and air transport and a descrip-
tion of ongoing work that may have a bearing on the future development of mode re-
lated Regulations.

Nuclear fuel cycle materials are transported in accordance with strict and interna-
tionally agreed safety regulations which are the result of a permanent and progressive
process based on social concern and on the advancement of knowledge provided by
research and development. Transport operations take place in the public domain and
some become high profile events in the management of these materials, attracting a lot
of public, political and media attention. The risks associated with the transport of ra-
dioactive materials are low and it is important that nuclear fuel cycle materials are
managed in accordance with their actual rather than their perceived hazard. Transport
is a vital component in the management of nuclear fuel cycle materials but it should
not have an undue influence in the choice of fuel cycle strategies.
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Commercial nuclear power plants have been in operation for over 40 years. The
nuclear industry can now be considered to be a relatively mature industry,
notwithstanding that significant improvements and advances continue to be made and that
the widespread deployment of advanced fuel cycles is yet to be realized. Since its
inception, the nuclear- power- industry has recognized the potential hazards posed by its
radioactive by-products. In response it has acted to control the release of radioactive
effluents and occupational exposures and, hence, to protect public and worker safety and
the environment.

The nuclear fuel cycle involves a wide range of activities and technologies from
the mining of uranium, to the production of electricity and radioisotopes for medical and
industrial applications, to the reprocessing and recycling of used fuel, to
decommissioning and waste disposal. In all these activities control of releases and of
occupational exposures has been and continues to be an important objective and the
nuclear industry's record of achievement in controlling its releases and ensuring the
radiological protection of its employees has been, with some exceptions, excellent.
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Worker exposures and releases to the environment are carefully controlled in:

• all stages of uranium mining, refining and fuel fabrication, where occupational
exposures and releases have decreased while production has increased;

• the operation of nuclear power plants, where occupational exposures and releases
have decreased as reactor vendors evolve their products and reactor operators
optimize their procedures;

• fuel reprocessing facilities in the U.K. and France, where occupational exposures and
releases have decreased while the amount of fuel processed has increased; and in

• decommissioning nuclear facilities and waste management activities.

It is clear that releases and occupational exposures from modern nuclear facilities
of all types contribute negligibly to the radiation environment to which all biota are
exposed. But the general public seems not to appreciate the low environmental impact of
nuclear activities. The future of nuclear power and of other applications of nuclear
technology—applications in medicine, in agriculture and in industry—will depend on
reassuring the public and decision makers that the industry is safe. International co-
operation and open, honest, consistent, and clear communications with all stakeholders
are absolutely essential to providing this reassurance and, hence, to the survival and
growth of nuclear technology.

Today, any industry must meet the objective of sustainable development if it is to
survive. For the nuclear industry this means controlling occupational exposures and the
release of radioactivity into the environment. These requirements have been of
fundamental importance to the industry since its inception. The industry has much to be
proud of but, as we look to the future, the industry needs to avoid complacency and to
continue to maintain the current high level of performance.
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Extended Synopsis:-

The principles embodied in '93+2' safeguards strengthening programme, for
broader access to information and increased physical access already apply, in a
pragmatic way, to large scale reprocessing and MOX fabrication plants. The safeguards
approaches for these large bulk handling facilities provides lessons for the forthcoming
implementation of the 93+2 Programme.

The arrival of large throughput, highly automated plutonium handling plants has
heralded an era of evolution in their safeguards approaches. The trend has been for the
safeguards approach to become increasingly plant specific in nature, more pervasive in
depth and more cognisant of the technical evolution of the reprocessing/recycling
industry. This has resulted in the development of new and novel techniques, tailored to
take maximum benefit from the features of those plants : automation, computerised
systems, unattended monitoring, etc. The solutions adopted clearly anticipated the need
for more qualitative, information rich and open approaches which are the corner-stones
of the 93+2 principles of additional information, additional access, and remote
monitoring. A real concept of transparency is apparent from the wealth of information
provided, which gives additional assurance from a system of'safeguards in depth'.

Plutonium plants already give expanded information access to plant design
information, to plant process and operational data and extended data access. Such an
environment gives a virtual guarantee that any attempts to falsify data would be
detected. As regards 'increased physical access', the practice today in large Pu bulk
handling facilities is to grant access to all points in the process except where restrictions
need to be maintained for safety or radiological protection reasons. Moreover,
randomisation and short-notice inspections are being accommodated and unannounced
access is foreseen. 'Unattended monitoring' in safeguards offices on-site but remote
from plant operations, plays an important role. From their offices, inspectors can
evaluate these data (from neutron and gamma unattended stations, branched operator's
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equipment, analytical labs, etc.) coming direct from plant via a protected network,
against the more traditional declarations. Significant savings in time for both operators
and inspectors are obtained and a high level of deterrence is achieved.

The scale of Pu bulk handling plant projects and the developments in massive
containment, automation and real time data acquisition have been recognised by the
Safeguards Authorities who have risen to the challenge to update the traditional
safeguards approaches. A modern collaborative approach with the operator is now the
norm with regular communications and close integration of safeguards requirements
with the overall project plan for all new plants. This close collaboration also
encompasses training, with operators offering extensive training to safeguards
inspectors to increase understanding of plant and equipment operations.

The Safeguards Authorities have invested heavily in developing and installing
advanced verification systems and have worked closely with the operator to take
maximum benefit from plant features and operator equipment. In this way, short term
capital investments will free longer term manpower resources whilst at the same time
increasing detection capabilities. These advances in effectiveness have been
implemented willingly by States and operators who are committed to further progress in
order to improve efficiency. This may be realised in the coming years, when additional
experience is accumulated and new technologies and improvements are put in place.
The challenge is how to adapt/evolve the safeguards criteria to gave full credit to these
new approaches and to give safeguards assurance over and above that derived from
purely quantitative evaluation criteria.

The 'safeguards in depth' approach has been a forerunner of the 93+2 initiatives.
Whilst a large element of 93+2 is aimed at detecting clandestine nuclear sites, the
methods used in safeguarding large scale reprocessing and MOX plants and the
hierarchy of 'un-quantifiable' measures can give very powerful safeguards assurance
that there are no undeclared materials/activities on declared nuclear sites. Qualitative
elements are likely to become the predominant factor in drawing such conclusions in
future.
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EXTENDED SYNOPSIS

Disposal of spent nuclear fuel in geological formations, without
reprocessing, is being considered in a number of States. Before disposal the
fuel will be encapsulated in a tight and corrosion resistant container. The
method chosen for disposal and the design of the repository will be determined
by the geological conditions and the very strict requirements on long-term
safety.

From a safeguards perspective spent fuel disposal is a new issue. As the
spent fuel still contains important amounts of material under safeguards and as
it can not be considered practicably irrecoverable in the repository, the IAEA
has been advised not to terminate safeguards, even after closure of the
repository. This raises a number of new issues where there could be a potential
conflict of interests between safety and safeguards demands, in particular in
connection with the safety principle that burdens on future generations should
be avoided. In this paper some of these issues are discussed based on the
experience gained in Germany and Sweden about the design and future
operation of encapsulation and disposal facilities.

The management of spent nuclear fuel for direct disposal will comprise
the components, storage at reactor, transport, interim storage, encapsulation and
final disposal. For the first three steps safeguards regimes have been developed
and applied on a routine basis. For the encapsulation and, in particular, for the
disposal new safeguards strategies need to be developed. Such work is in
progress with participation of the IAEA and the Member States Support
Programmes.

The key issues in this context are:
- Attractiveness of the disposed fissile material in the fuel. The composition of

the plutonium in the fuel and the large efforts needed to retrieve the fuel
should be taken into consideration in determining the safeguards strategy.

- Level of safeguards measures for a closed repository. The key question is the
risk of diversion through an existing or new tunnel or by underground
reprocessing. As the disposal canisters will not be accessible after disposal the
control has to rely on indirect methods, such as satellite imaging and site visits
by the IAEA. During operation of the repository design information
verification and control of the access shafts and tunnels are key components of
the safeguards system.
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- Timescales of interest. One interpretation of the recommendation that
safeguards should not be terminated could be that it should be kept forever.
This is clearly not feasible as an assumption. With the safeguards measures
considered there will, however, be no problem to continue for as long as the
States find it important, e.g. for as long as safeguards apply to nuclear material
elsewhere.

- Conflict of interest between safety and safeguards needs. For the closed
repository it should be imperative that the safeguards requirements on control
should not be allowed to impair the safety barrier system. This could well be
achieved. The remaining conflict is thus more philosophical. Will safeguards
requirements contradict the objective of waste management not to impose a
burden on future generations.

- Continuity of knowledge. As the spent fuel has been encapsulated it is no
longer available for reverification. The continuity of knowledge of the fuel
assemblies and of the disposal canisters will be very important. This will have
to be based on different containment and surveillance techniques.

- Strengthening safeguards. The safeguards approaches discussed for a closed
geologic repository is fully in line with underlying principles of the new
strengthened safeguards regimes.

It can be concluded that there are techniques and methods availabel which
can be deployed such that the IAEA will be able to derive appropriate
safeguards assurances. Some work on this, however, still remains to be done.
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A Common System of Accounting and Control of Nuclear Material (SCCC) was
established by Argentina and Brazil in July 1992. It is a full scope safeguard's system in both
countries. The Brazilian-Argentine Agency for Accounting and Control of Nuclear Materials
(ABACC) was created to apply the SCCC.

Based on the Bilateral Agreement, a Quadripartite Safeguards Agreement among
Argentina, Brazil, ABACC and the International Atomic Energy Agency (IAEA) was signed in
December 1991. This agreement is a full scope safeguards agreement and entered into force
on March 1994. The main elements of the SCCC and Quadripartite Agreement are
presented. The main safeguards' procedures are described. A brief discussion of the
inspection methodology and its impact for facility operators is performed, taking as example a
fuel fabrication plant in Argentina and a uranium enrichment plant in Brazil.

The Bilateral Agreement establishes the Common System of Accounting and Control
of Nuclear Material (SCCC), which is a set of procedures established by the Parties to detect,
with a reasonable degree of certainty, whether the nuclear materials in all their nuclear
activities have been diverted to uses not authorized under the term of the Agreement.

The SCCC was conceived as a full scope safeguards system to be implemented by a
central executive body (the permanent staff of ABACC), which is technically and financially
supported by the Parties to carry out its duties. This system requires the concurrence of
efforts of Operators, National Authorities and ABACC. The National Authorities play a
significant and special role in the implementation of the SCCC: besides the usual activities at
state level, each of them is the natural channel through which ABACC requires the services
needed to perform control activities in the other country. With this conception, the SCCC
requires very well established National Authorities, not only able to fulfill its responsibilities at
a national level but also to support ABACC's activities (for instance, they need to expand their
inspection capabilities to be able to provide ABACC with the necessary support to carry out
inspection in the other country). This double role of the National Authorities is new in the
safeguard's field and is the subject of several discussions and adjustments. The technical
support available from the two Parties embraces inspectors; consultants; equipment
maintenance and calibration; preparation of standards, laboratory services and any other
safeguards related study or service.

Table I presents the number and type of inspections that were carried out by ABACC
in the last three years, in compliance with their objectives.
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Inspections

DIQ Verification
PIV and interim verifications
Total Inspection Number
Inspection Efforts (B)
(PDI)

1994

73
113
186

562

1995

5
139
144

683

1996

8
151
159

626

Table I: ABACC's inspections

In order to study the impact of the safeguard's activities on the facility operation, it is
important to observe the inspection effort for some relevant installations. As examples
considered in this paper, one considers the fuel fabrication plant in Argentina (CONUAR) and
the centrifuge enrichment plant in Brazil (LEI).

ABACC performs in CONUAR normally one PIV and 3 interim inspections per year
with a total inspection effort of 21 PDI.

LEI is a small centrifuge enrichment plant, whose safeguard's approach is complex,
essentially due to the verification that the facility is operating as declared. In order to verify
the inventory and internal and external flow of material, ABACC is performing one PIV and 5
interim inspection per year. Additionally, ABACC performs 3 unannounced inspection per
year. The total inspection effort amounts approximately 30 PDI.

ABACC is applying its safeguard's system in a way to balance conveniently the
safeguard's effort depending on the relevancy of the concerned nuclear activity.

In principle, the regional system may contribute in many ways to enhance the
safeguards, which can be summarized, as follow:
• the model of regional organization can reduce strongly the costs involved in safeguards

implementation; ABACC for instance has a permanent technical staff of only 10 people,
that have a coordination function, and may use conveniently the technical and human
resources of the countries;

• the regional organization controls a small universe of facilities and materials and is not
constrained by requirements of universality of procedures, as required in multilateral
systems. It is therefore in better condition to maximize the verification procedures on those
stages in the nuclear fuel cycle involving the production, processing, use or storage of
nuclear material from which nuclear weapons could readily be made.

• the safeguard's criteria and procedure can be applied to each specific facility, since the
number of nuclear facilities is not too large, and allows to increase substantially the
efficiency and effectiveness of safeguards. For instance, there is no basic constraint for the
definition of significant quantities or detection time;

• the mutual inspection model, as implemented by ABACC, allows to use the best available
expertise in both countries. This makes possible to perform in each inspection the re-
verification of the technical characteristic of installations and therefore to improve the
safeguard's effectiveness.
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ABSTRACT

Since 1994 an informal group of representatives of States party to the NPT has been
trying to develop agreed international guidelines for the responsible management of non-
military plutonium. This paper gives a brief description of the outcome. Since the results
are still subject to decision by Grovernments, the description must be in general terms only.

The paper describes the background to, and genesis of, the discussions and the
general approach taken, which was based on commitment to the NPT, national
responsibility for the management of nuclear materials and the fuel cycle, upholding of the
IAEA's safeguards system, and a focus on civil material. An indication is given of the
development of the Group's thinking, especially the decisions that any guidelines must be
capable of accommodating surplus military plutonium, as well as civil, and that the main
focus should be on measures to increase transparency.

The resulting guidelines are described. Their main features are a re-statement of
commitments and standards for the management of non-military plutonium with regard to
non-proliferation, safety, and other fields, a commitment to the management of such
plutonium according to a consistent national strategy, and a commitment to the publication
of information on that strategy, and of annual statistics for holdings of plutonium in a
consistent format. Other aspects of the guidelines are also explained.

Finally, an attempt is made to assess the possible practical effects of the guidelines
if adopted by governments.
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In response to the changes in the international geopolitical scene, the United States and Russia
have embarked in new directions regarding their nuclear weapons stockpiles. Both countries
have entered a period in which significant numbers of nuclear weapons are being withdrawn
from their stockpiles and dismantled. Large quantities of materials, including plutonium, usable
in weapons are being designated as surplus to national security needs. On January 14, 1994,
U.S. President Clinton and Russian President Yeltsin issued a statement on "Nonproliferation
of Weapons of Mass Destruction and The Means of Their Delivery," in which the Presidents
endorsed the goal of irreversibility of nuclear arms reductions and tasked their experts jointly
to "study options for the long-term disposition of fissile materials, particularly of plutonium,
taking into account the issues of nonproliferation, environmental protection, safety, and technical
and economic factors." The April 1996 Summit on Nuclear Safety and Security of the leaders
of the G-7 nations and Russia in Moscow agreed that these excess stockpiles should be reduced
as soon as practicable, while ensuring effective nonproliferation controls, by means that would
transform these materials "into spent fuel or other forms equally unusable for nuclear weapons."
Disposition of U.S. weapons grade plutonium and high enriched uranium are discussed at this
Symposium in the paper IAEA-SM-346/102.

This paper traces the development of 1 technical cooperation on disposition of Russian weapons-
grade plutonium. Disposition of Russian highly enriched uranium is already being addressed
by downblending into low enriched uranium as feedstock for nuclear power reactor fuel. Other
countries besides the U.S. have expressed interest in assisting the Russians to dispose of their
excess weapons plutonium. For example, France and Germany have proposed to build a
"DEMOX" pilot facility in Russia to produce mixed oxide (MOX) fuel for plutonium disposition
in Russian power reactors.

A Joint Steering Committee on U.S./Russian Plutonium Disposition, which coordinates and
approves joint technical work on plutonium disposition, was formed in late October, 1995.
Under the guidance of the Joint Steering Committee, the Joint United States/Russian Plutonium
Disposition Study [1] was published, which provided a consistent comparison of a range of
options for plutonium disposition, using the criteria specified by the two Presidents, for
presentation to appropriate governmental organizations of both nations. The report considered
both first steps in managing excess plutonium - including secure storage, conversion of
plutonium weapons components to other forms, and stabilization of unstable forms of plutonium
- and options for disposition of excess plutonium.
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The report concluded that several options could accomplish the mission of disposition of 50
tonnes of excess weapons plutonium, while meeting the criteria of nonproliferation, safety, and
protection of health and the environment. For both the United States and Russia, reactor options
involving known and demonstrated reactors and MOX fabrication technologies were judged to
have the highest level of technical maturity, followed by immobilization technologies that have
been demonstrated with high-level wastes containing minor quantities of plutonium. Stringent
standards of physical protection, control, and accounting should be maintained throughout the
process of disposition, regardless of the option chosen. The process of converting plutonium
weapons components to other forms, when the material is still in an extremely attractive form
for weapons use, requires particular attention to security and accounting, but is common to all
the options.

The United States and Russia need not use the same plutonium disposition technology. Indeed,
given the very different economic circumstances, nuclear infrastructures, and fuel cycle policies
in the two countries, it is possible that the best approaches will be different in the two countries.
In addition, disposition of U.S. and Russian excess weapons plutonium should proceed in
parallel, with the goal of reductions to equal levels of military plutonium stockpiles. To
facilitate the objective of disposition as rapidly as practical, if the reactor option is pursued, the
resulting material should not be reprocessed and recycled at least until current excess stockpiles
of separated plutonium are eliminated.

Pit disassembly and subsequent conversion to plutonium oxide powder form is a requirement for
all disposition options. As powder, the plutonium can be subjected to international verification
without compromising sensitive weapon information. This would represent a very significant
step forward toward nonproliferation goals. Therefore a recent focus of U.S./Russian
cooperative effort has been the development of a Pit Disassembly and Conversion/Non
Destructive Assay Pilot Facility.

On January 14, 1997 the United States Department of Energy (US DOE) issued a "Record of
Decision for the Storage and Disposition of Weapons-Usable Fissile Materials Final
Programmatic Environmental Impact Statement." The DOE announced its decision to pursue
a dual path for plutonium disposition.

Development of options for disposition of plutonium has been addressed by diplomatic contacts
between U.S. and Russia, followed by discussions and studies of disposition options by technical
experts. This process has evolved into a recently-developed program of small-scale technology
demonstrations that will support design of pilot facilities for disposition of plutonium.
Experience gained in the operation of the pilot facilities will permit the design of full-scale
plutonium disposition facilities to achieve irreversible disposition of plutonium as envisioned
by the U.S. and Russian Presidents in their January 1994 statement.

REFERENCE
[1] JointJJnited States/Russian Plutonium Disposition Study. U.S. Government Printing Office,
U.S. G.P.O.: 1996-404-680:40012 (September, 1996).
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The objective of this work is to present a simple method for the routine predictiOfl'WttirmiatSBhTSrtinS'
fissile materials and fission products in reactor cores.

Adequate knowledge of the Isoiopk balance in a nuclear reactor core is necessary for fuel management
Traditionally the ORIGEN code is need to solve the depletion equation under the general form:

N(t)=AN(t) + B

Where A is the coefficient matrix, and N(t) is the vector of concentration.

The use of such code is however aot very convenient for routine evaluation of plutonium concentration in
research reactor fuel dements.

Simpler methods has to be developed. One of this method consists in establishing the isotopk balance
using the equation [1]:

Such relation is solved however under the assumption ot uniform spatial distribution in fad
burnap.

The proposed method, although, based on the utilisation of a simplified form of the depletion equations,
does not require such an assumption. We suppose that the fission products having a short period win have
an instantaneous disintegration and we neglect the effects of branching. The disintegration scheme is :

Where Nr is the number of fissile atoms per cm4, N( (i=l,2) is the number of atoms of isotope i produced
by fission per cm'.

The depletion equations are determined using a balance between production and loss in a V volume, ic:

^ (1)

Where a,, is the microscopic fission cross section,<Ti !«the microscopic capture crass section, Yi is the
yield of fission and 4> is the thermal neutron flux.

To take into account of the effect of capture on the tsotopic composition In fission products, we write:

~ * - = c,N14.-a1N,<|> (2)

To solve the system of equations (1), (2) we introduce the quantity, G, defined by :
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With the following initial conditions: N(0) = 0 at G = 0 and N(0) = 0 at G » 0. Then we obtain the
following analytical solutions:

N,=Y(Nr
1-e"

a..

— andm= —

Physkafly G correspond to a fractional burn up and the factor alpha corresponds to the isotopk
absorption to fission ratio. The only prerequisite of the method is a knowledge of a netitroo fivx map in
the reactor core and the reactor operating history.

The determined activities for Xe-llS and Mo-99 as a function of fractional burn up are presented in the
figure below for the fuel element A-2 of reference-2.

Good agreement is found between the present method and ORIGEN calculation.
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The use of slightly enriched uranium (SEU) in heavy water reactors has been in the last
years the object of special attention because of its potential in achieving a reduction in
generating costs and in uranium consumption. Here the enrichment in the PHWR fuel is
considered as a tool to improve one of the more controversial features of this family of reactors:
its positive void reactivity coefficient.

In reference (1) the inhomogeneous distribution of enrichment and absorber is presented
in order to achieve the desired reduction in the magnitude of the void coefficient.

We analized the Candu-600 37 elements cluster, changing the traditional natural uranium
fuel by SEU fuel (0.85% U235). The calculations were performed with WIMSD4 code (2) using
the unidimensional collission probabilities approximation and a 18 groups structure. Table 1
shows the variation of the void coefficient with enrichment. It is clear that enriching uniformly
the fuel reduces the coefficient only marginally.

TABLE 1
Void coefficient vs. enrichment

Enrichment
(%U235)

0.85
1.2
1.5

Void Coefficient
(pcm)
1460
1200
1130

2.0 | 980

TABLE 2
Void coefficient vs. composition

Composition Void Coefficient
(pcm)

l%U235unif.
ai/a2 0.5/0.1% B

ai/a2Udep 0.5/0.
a3=a4 1.5%U235

a,=a2 UdepO.5%B
3=a4 2% U235

80

-150

-1110

Table 2 shows the coefficient's value when an appropriate combination of enrichment
and absorber is used in the cell: a* indicates the corresponding ring of rods in the cluster and the
absorber is represented by a percentage of boron equivalent. In the first case, the bundle is
uniformly enriched while in the next two only the peripheral rings are enriched, and depleted
uranium is used in the internal boron containing rods. The searched reactivity effect on voiding
can be observed.

The dysprosium was identified as an adequate absorber (1) (3) because of its behaviour
under neutron irradiation. We consider a cell composition with Dy as absorber, which exhibits a
negative void coefficient, a reactivity excess similar to the reference cell uniformly enriched in
0.85% U235, and an adequate evolution of these two parameters with burnup. The composition
of this low void fuel cell (LVF) is 2% U235 enrichment in the two external rings (a3 and a<) and
depleted uranium (0.3% U235) with 1% weight Dy in the inner rings (a, and a2).

Fig. 1 reproduces the reactivity of the cell vs. burnup, comparing it with the uniform
0.85% U235 case. The estimated exit burnup for a Candu 600 module is similar for both cases,
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around 12500Mwd/ton. The void coefficient is negative and varies between -380 and -650 pcm
in the relevant burnup range.

\ Candujell
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Figure 1 Figure 2

A negative characteristic of the new composition is the internal peaking factor. Fig 2
compares this factor in two cases of uniform enrichment and the LVF cell. In the last case, the
outer rods are exposed to a higher power density for the same mean bundle power. This increase
implies probably the necessity of the circonium liner instead of the usual carbon coating of the
fuel cladding. Another solution could be a further subdivision of the fuel, increasing the number
of rods in the external rings. For example the CANFLEX bundle exhibits for the same LVF
composition 20% less linear power in the outer ring of rods and a void coefficient somewhat
lower than the cell here considered. Fig. 3 resumes the spectral differences between the two
cells under consideration. The LVF one presents a less thermalized spectrum. Fig. 4 illustrates
the increased absorption mainly in the epithermal: 0.2-1 ev. range in the LVF cell.
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Table 3 indicates the variations observed in the thermal flux under voiding in the
reference and the LVF cells. The observed higher and positive variation in the inner rods
suggests the absorber distribution of the LVF fuel.

TABLE 3
Variation of thermal flux on voiding
in reference and LVF cells.

TABLE 4
Variation of reactions on voiding
in reference and LVF cells.

ai
a2

a3

REF

3.
2.
0.
-3

(%

oo

6
2
.1

) LVF

i 8.
• 5.
i 0.
i "4

(%)

1
3
6
6

U235 REF
LVF

U238 REF
LVF

Dyl64 REF
LVF

ABSORPTION
(%)
1.3
-1.0

i -1-4

; -3.4

! 9.8

NUFISSION
(%)
1.4

-0.94
10.0
10.6

Table 4 summarizes the variation of reactions in the cell produced by voiding. The
standard cell shows an increase in all reactions except the absorptions in U238. In the LVF cell
all reactions decrease except the U238 fissions, which show the same variation than the
reference cell and the Dy absoptions which increase around ten percent and play a definite role
in reversing the reactivity jump.

The inhomogeneous composition of the LVF cell suggests comparison of results with a
more precise spatial model. We have done so with the usual ring model (PERSEUS option in
WIMS) and the more exact PIJ model allowing the two dimensional calculation of collission
probabilities. The main results of this comparison are summarized as follows.
- The variation of physical magnitudes on voiding is more dependent on the spatial model for the
LVF cell than for the reference one. Also the discrepancy in the absolute value of reactivity of
the two cells with coolant increases from 2.5% to 6% in the LVF case (PIJ values are always
higher).
- The predicted variation of thermal flux on voiding with the two models is coincident in both
cells: around 3% in the reference case and 4% in the LVF case.
- The predicted variation of spectral index (<j>f / fa) is coincident in the reference cell: around
9%, but for the LVF cell PIJ estimates a 6.4% increase vs 10% with PERSEUS option.
- For overall reactions, there is good coincidence for the reference cell, while PLJ shows a
smoother variation than PERSEUS for the LVF case.

REFERENCES
(1) J.R. Hardman, A.R. Dastur, "Candu Nuclear Power Plant Optimization with MOX Fuel",

International Conference on Design and Safety of Advanced Nuclear Power Plants, Tokio,
Japan,1992.
(2) Halsall M. J."A summary of WIMSD4 input options", AEEW-M1327,1980.
(3) J. Valko et al."Calculation of the void reactivity of Candu lattices using the Scale code
system. Nuclear Engineering and Design 159 ,225-231,1995
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A typical country of Eastern Europe is the Republic of Belarus, which is geographically
situated in the centre of this region and possesses natural and climatic conditions similar to
ones in the neighbouring countries. The states of Eastern Europe are extremely poor with fuel
and power resources. Thus, the portion of local fuel resources for energy supplying in
Moldova is about 1%, Lithuania - 3%, in Belarus and Latvia - about 10%, Bulgaria - 20%,
Ukraine and Estonia - about 30%, in European part of Russia fuel is mainly delivered from the
Asian part. Therefore, nuclear power has been developed in many countries of Eastern Europe.
In 1993 the portion of nuclear energy was 87% in Lithuania, Slovakia - 54%, Hungary - 43%,
Bulgaria - 37%, Tchekhia, Ukraine and European part of Russia - about 30%.

The next feature of Eastern Europe countries (EEC) is significantly high level of energy
intensity of their national products.

As it follows from the figures of World Bank, irrespective of the modes of estimation energy
intensity of GDP in EEC is more than twice as large than in Western European countries.

For majority EEC a significant share in total energy balance constitutes heat generation for
industrial needs and district heating. For example, in Belarus this value reaches 48%, in
Lithuania - 45%. The main consumer of energy in EEC is industry. In 1990 share of industry in
total energy consumption was 65% in Belarus, Moldova - 45%, Tchekhia - 43%, Lithuania -
32%. In comparison with the developed countries in EEC the ratio between the electricity
consumption and primary energy consumption is rather low: in Belarus -24%, Hungary and
Tchekhia - about 13%, Lithuania, Poland and Romania - about 11%.

Since the end of 80s and the beginning of 90s EEC are in a period of severe economic crisis
resulting particularly in substantially reduced energy consumption. The GDP has dropped by
40-60%. The structure of energy consumption has been changed as well. For example, in
Belarus the share of industry tumbled from 65 % in 1991 to 44% in 1994, but share of
households and communal services increased from 18.8% to 25%.

Within the period of 1994-1995 there was an economical stabilization in some EEC (Tchekhia,
Hungary, Poland, Estonia) and the same process is being expanded in other countries in the
near future. Therefore, in spite of the temporary drop in energy consumption, the way out
from the economic crisis in EEC is increasing both energy efficiency and energy consumption
as well.
One version of energy supplying in Eastern Europe is the application of natural renewable
energy sources. Hydroelectric stations play a sufficient role only in Latvia (25-30% from total
electric energy production), in the Ukraine - less than 5%, in Lithuania, Belarus and other
countries - less than 1%. The sun and wind cannot be also any determining factor when solving

50



the power program. Thus, in Belarus an average wind velocity is lower than 4 m/s, and the
amount of solar hours is about 1800 per year. In Lithuania these parameters are 4.5-5 m/s and
1700-1900, correspondingly. According to the prognosis of European Commission the share
of renewable sources of energy included biomass in ECC shall remain at the 1990 level up to
2020.

If the task of increasing energy supply is actual now only for several more developed EEC,
another problem exists for majority of them. At present hardware in fossil power operating
plants is worn out by 50% in Belarus and Russia, by 70% in Ukraine, etc.

Development of nuclear power is one of the real way for resolving this problem. It consists of
three directions:
• upgrading of existing NPP safety;
• completion of NPP construction;
• construction of new NPP.

65 nuclear power units is under operation now in EEC, all of them are designed in the USSR,
excluding Westinghouse PWL reactor in Slovenia. 4 of them was put into operation before
1973 (3 LWR+1 RBMK), 11 in 1974-1977 (including 3 RBMK and 4 LWHR of 12 MW
Bilibino NPP), 12 in 1978-1981 (including 4 RBMK), 18 in 1982-1985 (including 1 RBMK),
20 in and after 1986.

12 nuclear units are now under real construction, including 2 PHWR in Roumania.

In spite of the fact that Republic of Belarus has suffered most from the Chernobyl NPP
accident fallout in National Power Development Programme the development of nuclear
power is stipulated. Now preparatory work being done in Belarus includes:
• out of 72 potential sites screened, compared and ranked, 15 were examined more closely,

and three of those have been selected for detailed investigation;
• development of strategy for storage and final disposal of future NPP radwaste and of large

amounts of very low and low waste from decontamination and other work to clean up the
Chernobyl accident consequences in Belarus;

• draft laws on use of nuclear power and on radiation safety are before the Supreme Council
of the Republic of Belarus;

• forming public opinion in favour of nuclear power.

Naturally one of the key issues of nuclear power development in Belarus is the choice of a
reactor type. Estimations having been carried out at the Institute of Power Engineering
Problems have shown that a minimum capacity of 2000 MW for the first generation stage is
profitable from the economic point of view. It could be realized by two units of 1000 MW each
or three ones of 650 MW. In the last case the following options could be considered, new
design of Russian NPP WER-640, ABWR and CANDU.
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Extended Synopsis

CURRENT STATUS OF NUCLEAR FUEL CYCLE AND REACTOR STRATEGY

BASED ON TRANSMUTATION OF ACTINIDES IN THE CZECH REPUBLIC

M- Hron

Nuclear Research Institute (NRI) CZ-25O 68 Re2, Czech Republic

There will be a short and comprehensive review of the current

status of research and development activities of different

scientific, research and industrial institutions in the Czech

Republic in the field of nuclear waste (namely spent nuclear fuel)

management based on transmutation of long-lived radionuclides

(transuranic actinides and long-lived fission products) given in

the paper.

As a country having been constructing and operating nuclear

power plants and partly producing the corresponding technology

(namely heavy and chemical machinery is involved) the Czech

Republic is highly interested in an implementation of new

techniques of radioactive waste management in its national nuclear

power program. As in other countries having been in a similar

situation, the first order reason for this high level of interest

is the problem of a final solution of radioactive waste generated

by nuclear power which becomes to be a really key issue of the

future destination of not only nuclear power but the national

economy at all.

The roots of a partly specific position and approach to the

solving of these problems will be described in principle and the

52



first results of attempts to formulate and start to organize a

strictly oriented and aimed activity will be outlined, too. (At

least on a level given by its elementary character.)

For a better understanding of the national position, there

will be a "brief survey of most important types of reactor part

designs of such systems and their characteristics recalled in the

paper. The problems of neutronic characteristics and their

prediction both for steady states and a long-term time behaviour

will be described in principal level. Their feed-backs and

consequences on the reactor part design as well as some still for

final solution open problems will be mentioned, too.

There will be, at least very briefly, a quantitative analysis

and an economical efficiency estimate given for this technology

having been introduced into a system of nuclear power based upon

thermal nuclear reactors.

For an efficient and comfortable way of making acquaintance with

such a broad and complex branch of nuclear power technology taking

into account limited possibilities and capacity of a small national

economical scale, there will be preliminary results of an effort to

formulate a proposal for a suitable and rational form of an

international co-operation in the given field also mentioned and

discussed in the conclusion and recommendation part of the paper.
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The French law of 30 december 1991, on radioactive waste management, provided a
legislative setting for research programs on various management alternatives (Figure 1),
separation/transmutation, geological repository, waste conditioning and long term storage.

PWR

Reprocessing

U,Pu M A , F P

Transra

rrfertrixd /̂ „ . -

Final disposal
of wastes

prospective

Figure 1 - Management strategies to be investigated and research efforts required pursuant to
French law 91-1381 of 30 Decembre 1991

The potentialities of the conventional methodology for life cycle analyzing are evaluated for
application to research on the back end of the nuclear power cycle.

The requirements of the method, and the gaps to be filled to achieve an analysis that really
contributes to the evaluation of the research results, are first indicated.

The following prerequisites apply to analyses with the life cycle analysis methodology :

• define a functional unit: for the designed application, the unit is that of the generated energy
(e.g.kWhe produced).
draw the boundaries of the system : given the strong dependance of the front end phases of
the cycle with respect to the back end management alternatives, the study must cover the
whole fuel cycle (cradle to grave).

• identify the strategy assessment criteria : a preliminary list could include :
o radiological impact on the workers,
o activity back to the biosphere and dose to man,
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o consumption of mineral resources (U, primary energy, water),
o other environmental impacts (air, water, soil waste)
o secondary wastes, radioactive or not, generated by the phases upstream of the nuclear

fuel cycle,
o costs,

determine the level of detail of segmentation of the cycle : carried out until the final step no
longer significantly alters the result.

The complexity of fuel cycle operations, and the large number of paramaters involved, mean
simultaneous multi-data processing. Faced with the quantity of data required and the variety of
their sources and formats, the need arose to :

• capitalize them,
• structure them with respect to the applications,

make them available and directly accessible.

A preliminary analysis shows that an estimator cannot conceivably be defined using a single
quantity, and that a multi-criteria approach, incorporating societal references, would be
necessary. This explains the choice of a grid of criteria, which the decision-maker can weight at
the appropriate time.

Besides the lessons of a general character, the approach was concretely evaluated by analyzing
the life cycle. As an exercise, using documentary data, the open cycle was analyzed, based on
the generation of 1 Gwa of electricity, with irradiation of UOX fuel in PWR, followed by
disposal of the spent fuel in a geological formation.

For the needs of the illustration, all the data used are of documentary origin. Hence the sources
are not always accurate. The results are merely aimed to assess the potentialities of the method,
and are not actually representative of a real operation. Around the case study, different
management variants can be evaluated, including spent fuel reprocessing.

The analysis serves to access the decisive cycle steps for each type of impact, according to the
criteria applied. The principles associated with the boundaries of the system and with the
functional unit are also the subject of specific investigations and reflections for the disposal
system.

Besides points requiring intensification or correction, the methodology seems promising for
compiling balances, and possibly for comparisons. This work has demonstrated the flexibility
of the data management and processing tool. The life cycle analysis helps to confirm the
coherence of the data throughout the process. It also helps to adjust the assessment criteria by
allowing a number of aggregations, in the light of the results. And it confirmed the difiulties
initially encountered, including the availability of coherent data, check their range of validity,
and the conditions governing their use.

The exercices carried out serve to demonstrate that the tool can be used effectively with
documentary data. It can be applied with real data to clarify the choices that will be made in the
light of the research results.
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Control of the mass and activity of long lived waste produced by nuclear power generators is a
major concern, and the amount of radioactive waste stockpiling can, to some extent, influence public
acceptance of Nuclear Power.

The separation and transmutation of long-lived waste materials is one way of research studies
required by the French Parliament law of 1991 on waste Management.

Atomic Energy Commission (CEA) has defined a pluriannual program called SPIN, aimed at
studying and improving the separation and recovery of long lived wastes and their destruction in
suitable reactors.

Any strategy related to radioactive waste management has to provide first a consistent answer
on the Plutonium management. CEA has launched a wide range of assessments on different scenarios
of Pu utilisation in different reactor types (PWRs, Frs), and on the consequent approaches to the
residual minor actinide management, and in particular to specific options to transmute them. The goal
is to help feasibility assessments, to quantify fuel cycle characteristics and eventual benefits for deep
storages.

The following scenarios have been characterised :

- Pu recycling in 100 % Mox - PWRs with a high moderator to fuel ratio (RMA), equal to 4.
- Pu recycling in PWRs with Mox fuel on a 235U enriched support, with standard moderator to

fuel ratio, equal to 2.
- Pu recycling once in standard PWRs, followed by multirecyling in FR (CAPRA - type).
For different cases the explicit management of separated Np, Am, Cm is considered in

different ways:

- Homogeneous way (Minor Actinides mixed directly to the fuel).
- Heterogeneous way (Minor Actinides in target subassemblies with an inert matrix) with two

options: multiple or once-through recycling.

All scenarios are relative to the same installed power (60 GWe, producing 400 TWhe/year).

The characteristics are given at equilibrium state (i.e. Actinides Production and consumption in
the nuclear park are well balanced).

For each of these scenarios, mass flow (Pu and minor actinides) throughout reactors and in
the fuel cycle installations (reprocessing, fabrication) has been obtained and moreover, the detail of the
reactor core characteristics is also given (enrichments, Pu vectors, detailed minor Actinide inventories).

Finally the full Actinides inventory at equilibrium is evaluated in terms of benefits for waste
management in the storages and compared to reference case (i.e. open cycle).
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The main results obtained for the different Pu recycling scenarios are presented in table 1.

ANNUAL MASS

Park UOX(%)
MOX (%)

Enrichment UOX U235 (%)
Enrichment MOX PU235 (%)

U natural (tons/y)

Enrichment (MUTS)

Fabrication (tons/y)
UOX
MOXPWR
MOXFR

Reprocessing (tons)
Wastes (tons/y)

PU
A.M.
Np
Am
Cm

Inventory Pu (tons)
Pu Fuel cycle
Cooling time = 5 + 2 years
Cooling time = 8 + 2 years

©
OPEN CYCLE

N4
100
0

4.5
-
-

8100

6.0

880

-
0

11.6
1.5
0.8
0.6
0.1

©
PWRs U235

SUPPORT
0

100
-

3.8
2.0

6640
(-20%)

4.7

-
880

-
880

0.02
3.3
0.6
1.8
0.9

200
260

®
PWRs RMA

78
22
4.5
0.25
18

6360
(-22%)

4.7

690
190

-
880

0.03
3.5
0.7
2.4
0.5

390
490

©
PWR + FR

CAPRA
73

10/17
4.5
0.25
10/50
5900

(-27%)
3.8

640
83
49
770

0.03
2.9
0.6
2.0
0.3

380
490

Table 1 - Main characteristics for the different Pu recycling scenarios at equilibrium

For the two cases ® and © the results are quite the same :
- The number of MOX dedicated reactors in the park is about 25 %.
- Pu fissile content which is important for reactor core physics constraints is rather high

mainly for PWR's recycling case. The feasibility must be examined very carefully.
- Natural Uranium feed is reduced by 25 % in comparison with the reference case (open

cycle).
- The use of FR limits the quantity of MOX fuel at fabrication and also reprocessing stages.
- The advantage of fast spectrum appears clearly when minor actinides productions are

compared.

In case of Pu recycling in standard PWR's with a 235U support, the results are rather
differents:
- Pu content at equilibrium in MOX fuel is only 2 % (the ^ U is 3.8 %). Of course all the

reactors in the park are using MOX fuel. The consequence is clear: MOX fuel at fabrication
stage is higher by a factor of 5 to 6 in comparison with scenarios ® or ©.

- The reduction in Natural Uranium feed is only 20 %.
- Minor Actinide production is rather equal to PWR's RMA case but the Curium production is

higher by a factor 2 (and by a factor 3 in comparison with FR's case) which is important for
the different CYCLE operations.

- The total inventory Pu is smaller by a factor 2 due to using ^ U as a complementary fissile
isotope.

REFERENCE
Scenarios of Plutonium and Minor Actinide Management at equilibrium - M. DELPECH and all
NEA - Information Exchange Meeting on Partitioning and Transmutation.
MITO - (JAPAN), Sept 11-13, 1996.
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ABSTRACT:

Since the St Laurent Bl core reloading (28/11/1987) with MOX fuel in 30% of the sub-assemblies,
France has decided to launch an industrial program for the plutonium utilisation in the PWR cores.
This Mixed OXyde (MOX) fuel is used for more than ten years and since, it has demonstrated the
maturity of the technological studies engaged to develop this concept and also, the great interest in
the plutonium fuel as a rational use of the energetic potential of a national resource.
Considering the important delay occuring in the fast breeder plant development program, fast reactor
being devoted to burn the plutonium produced by the french PWR plants, it becomes urgent and
necessary to increase in a significant way the fraction of loaded MOX in the core .
The Over Moderated Core, seems to be an interessant way to reach the goal of 100% MOX fuel in
the'core.
An other way, more prospective, considers the change in the basic design of the fuel and of the sub-
assembly
Here we develop the following items :

- heterogeneous loading (APA sub-assembly)
- homogeneous loading (Over Moderated Core)
- innovative fuels and inert matix

I Heterogeneous loading (APA concept)

One of the most interessant solutions to recycle MOX fuel in a PWR core is to reach a 100% core
loading, because that reduces the concerned number of plants devoted to MOX burning, and also
minimizes the spatial zoning of the fuel in the sub-assembly. This way leads to an increase in the
minor actinides production which can reach a value up to 25% of the burned Pu
The APA concept (Advanced Pu sub-Assembly) considers a without U Pu fuel in a inert matrix,
designed to obtain a very hight bum up with an increase in the local moderation ratio This concept
leads to burn 60% of the Pu fuel (94 Kg/TWhe), while producing only 8% of minor actinides, (8

Kg/TWhe)
The design of the sub-assembly, including spatial repartition of natural U (or slightly enriched one),
insures suitable values for the design basis physical parameters of the core
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II Homogeneous loading

To increase the neutrons slowing down, to obtain an equivalent UOX spectrum, we investigate two
ways:

- modifying the fuel density,
- modifying the geometric lattice to increase "the moderation ratio,

fuel density :
a parametric study, while- keeping a minimun of U, leads to define the optimized fuel density allowing
the faisability and a good utilisation of Pu.The two graphs show trie sensitivities of reactivity
parameters and massic bilans parameters to fuel density.
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geometry:
the value (near 4) of the moderation ratio is the main result of th'eimo-hydraulical studies concerning
a square lattice of 19x19 pins for EPR
Synthetic results are shown and discussed, they lead to envisage Pu multi-recycling with a satisfaying
in core behavior.

DI Inert matrix

The aim of these studies is to find new concepts of fuel in order to achieve best performancies for Pu
burning in a PWR core.
The new fuel will be composite fuel, i.e, Pu will be include in an inert matrix, ceramic or metal matix
Two major aspects are pointed out : - the inert matrix represents in fact a new extra barrier in
case of accident, increasing the capability to retain the fission gas.

- the inert matrix optimizes the thermo-mechanical
behavior of the fuel.
Some composites (MgA12O4 ), and some metals are analyzed from thermo-mechanical, chemical
and neutonical point of view Other materials as ZrO2, are presented, according to their capacity to
realyze "rock like fuel"
We show, after, how to optimize the composite fuel by working on the grain sizes and on the
dispersion in the matrix.
The THERMET and TANOX irradiations are presented and discussed The results leads to orientate
the research and development program concerning Pu fuel, without U in an inert matrix
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In the framework of plutonium utilisation in future French nuclear plants, feasibility studies
were done on large Pressurised Water Reactor (PWR) cores, with 100 % Mixed OXide
(MOX) fuel assemblies reloads aiming at a large consumption of plutonium.
Increasing the moderating ratio was adopted as an approach to make the reactivity control of
100 % MOX realistically achievable.
In comparison with an Uranium OXide (UOX) fuelled Light Water Reactor (LWR), the use of
100 % MOX fuel assemblies causes a significant reduction of control means reactivity worth
This reduction could partly be compensated by increasing the moderating ratio (i.e. moderator
volume/fuel volume).
Increasing the moderating ratio was achieved by reducing the fuel pins radius and by increasing
the number of water holes and fuel pins. The pressure drop due to additional grids is balanced
by the higher flow cross-section.
The design of the lattice activity has been optimised in order to reach the maximum moderating
ratio at constant power.
Studies performed on assembly design have been published at GLOBAL'95 International
Conference, Versailles, France, sept. 1995 (The finally selected fuel assembly design allows to
about double the standard moderating ratio of standard PWRs at constant power).
This paper presents the results of core design studies, operating transient analyses, fuel
management strategies and isotopic balance studies recently performed at CEA/DRN.
Both neutronic and thermal hydraulic studies were performed. The codes APOLLO (assembly
transport calculations), CRONOS (core diffusion calculations), FLICA-4 (thermal hydraulic
calculations) and CATHARE (thermal hydraulic calculations during accident) were used for
the computations.
Three strategies of fuel management (at equilibrium) were studied: 4*12 months (with low
leakage flow pattern), 3*18 months (reference) and 2*24 months (with burnable absorbers in
fuel).
Initial content of Pu in fuel is respectively: 7.5 % (with 64 % of fissile Pu), 9 7 % and 10.3 %
(with 0.1 % of boron oxide as burnable absorber).
To balance the reactivity excess at beginning of life (BOL), respectively 1300 ppm, 1800 ppm
and 1600 ppm of natural soluble boron (without Xenon effect) are needed.
In these conditions, the moderator coefficients are close to current Uranium fuelled PWR ones.
Boron is less efficient than in current Uranium fuelled PWR. Peaking factors (radial and 3D)
are lower enough to stay within the authorised design limits.
Control rods clusters have been sized in order to allow any power transient in normal operating
conditions. y '̂tok Itlwb+w ^ absaht*J~ »*«Jlov<J
Thus, 33 control rods clusters are needed. They aro arranged in- 5 groups. There are two kinds
of control rods clusters, one made of 40 hafnium absorber rods and one made of 68 hafnium
absorber rods. For shutdown, 105 rods clusters are used (33 control rods clusters and 72
shutdown rods clusters). Shutdown rods clusters are made of 44 natural boron carbide
absorber rods.
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On normal conditions, reactivity control is achieved with natural soluble boron in the
moderator and hafnium as control rods absorbent material (from full to zero power).
Burnable absorbers were studied for long cycles (24 months).
A cooling accident (unexpected valve opening on secondary side) and a reactivity accident
(control rods cluster ejection) were studied.
Concerning Pu consumption performance, this concept reaches 82 kg/TWeh (24 months fuel
management strategy) with less than 14 % converted into minors actinides
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THE GAS TURBINE - MODULAR HELIUM REACTOR PROGRAM
FOR DISPOSITION OF WEAPONS PLUTONIUM:
A Model for International Cooperative Programs

by
B.V. Budylin, MINATOM, Moscow, Russia
M.P. La Bar, General Atomics. San Diego, California, USA
F.M. Mitenkov, OKBM, Nizhny Novgorod, Russia
J.P. Py. Framatome, Paris, France
N.N. Ponomarev-Stepnoi, Kurchatov Institute, Moscow, Russia
W.A. Simon, General Atomics, San Diego, California, USA

Synopsis

The Gas Turbine - Modular Helium Reactor (GT-MHR) is particularly well suited for
reducing plutonium accumulations through consumption while minimizing long term
proliferation risks. And, it was originally conceptualized to meet the new realities faced
by the nuclear power community.

Current interests in dispositioning weapons-grade plutonium (WPu), have led to the
formation of a international cooperative program for development of the GT-MHR. The
cooperative program was initiated by US and Russian organizations and subsequently
joined by organizations from France and Japan. First deployment of the plant is planned
to be in Russia for the purposes of dispositfoning Russian surplus WPu.

The new realities faced by the nuclear power community are being driven by concerns
associated with nuclear power plant safety, nuclear power economics, high level waste
disposal, and plutonium proliferation. The GT-MHR has been conceptualized to address
these concerns. The high temperature capabilities of a helium cooled, ail ceramic reactor
core combined with a passive decay heat removal configuration provide the GT-MHR with
unparalleled safety margins (ifs "melt down* proof). The high temperature capabilities
combined with a direct Brayton cycle (gas turbine) power conversion system provide the
GT-MHR with a net thermal conversion efficiency 50% higher than other nuclear power
concepts. The high efficiency and elimination of extensive capital equipment required by
steam cycle plants results in the GT-MHR electricity generation cost being nighty
competitive. Regarding waste disposal/the GT-MHR coated particle fuel form provides
a superior radionuclide retention capability for long-term spent fuel disposal (the coated
particles will maintain their integrity for up to 1 million years in a repository environment).

The inherent characteristics of the GT-MHR make it well suited to the mission of WPu
disposition. The coated particle fuel form enables very high plutonium burnup (—750,000
MWd/MTHM) and no uranium needs to be combined with the WPu thus eliminating the
breeding of new plutonium as in MOX fuel. As a result, all of the fissions are plutonium
fissions. Because of the high bumup and no breeding of new plutonium, the GT-MHR
consumes more than 90% of the initially charged Pu-239 and approximately 70% of the
initially charged total WPu in a once-through cycle.
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A single GT-MHR plant consisting of four reactor modules can achieve this level of
destruction for 50 metric tonnes of WPu with concurrent electricity generation of 1144
MWe over its design operating lifetime. In contrast, only about 30% of the initially
charged plutonium is consumed in light water reactor (LWR) MOX fuel satisfying the
spent fuel standard. And, as is well known, plutonfum separated from LWR spent fuel
can be readily used for weapons. Unless the potential for recovery of the spent fuel can
be eliminated, the MOX fuel option for the disposition of WPu effectively perpetuates the
proliferation issue indefinitely.

On the other hand, the residual plutonium in GT-MHR spent fuel is sufficiently dilute and
the feotopic mixture sufficiently degraded that there is no incentive for reprocessing WPu
spent fuel for either commercial or military purposes, which effectively resolves the
proliferation issue. Similarly, the proliferation potential associated with LWR spent fuel can
be substantially lessened by consuming LWR spent fuel plutonium in GT-MHRs.

An international cooperative program has been initiated to develop the GT-MHR design
together with Russia for WPu disposition. The first GT-MHRs under the cooperative
program would be built at Seversk (formerly known as Tomsk-7). They would be fueled
with surplus Russian WPu and would generate replacement power for shutdown WPu
production reactors. Preliminary cost estimates indicate that the first four module GT-
MHR plant could be built at Seversk for less than $ 1000/kWe

General Atomics (GA) and MINATOM initiated development of the GT-MHR for WPu
destruction by each party committing to provide initial funding for work in Russia to
prepare a conceptual design. FRAMATOME and Fuji Electric have since pined with GA
and MINATOM as participants in the program and are providing additional funding.

The design work in Russia is being led by the Experimental Design Bureau of Machine
Building (OKBM) in Nizhny-Novgorod and supported by the Russian Research Center
"Kurchatov Institute" (Kl) in Moscow, the Scientific and Industrial Association Research
Institute "LUTCH" in Podolsk, and the A.A. Bochvar All Russian Scientific Research
Institute of Inorganic Materials (ARSRIIM) in Moscow.

The cooperative program activities are being directed by a joint steering committee
composed of representatives from MINATOM, OKBM, Kl. GA, FRAMATOME, and Fuji.
The steering committee provides oversight and establishes guidelines for the conduct of
work, ft is responsible for establishing the overall direction and strategy of the program.

Completion and documentation of the conceptual design is scheduled for October 1997.
Following completion of the GT-MHR conceptual design, detailed design and component
development testing will be initiated. Efforts are in progress to foster broader international
support from governments and industrial organizations with the objective of an
international partnership assuming management of the design, development, and
prototype construction. This cooperative program is unique in that there is no other
comparable, jointly funded program underway in Russia for any other candidate
plutonium disposition technology.
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SPENT NUCLEAR FUEL REPROCESSING AND PLUTONIUM RECYCLING :
NEW ANALYSIS MEANS FOR OPTIMAL SCHEDULES

AND THE FRENCH PROGRAM FOR THE NEXT DECADE

R. PORTAL (France)

Nuclear current generation in France should rise from 360 TWh in 1995, to 400 TWh in 2000,
followed by a slow increase to 420 TWh in 2010. The progressive rise of nuclear current
generation in French PWRs will depend on its economic competitivity, in particular by
reaching the lowest possible cost of both the nuclear fuel cycle and of the nuclear power
station's operation, both of which are closely linked to this specific competitivity.

Reducing the cycle's costs is subordinated to the best possible use of materials: natural
uranium, uranium and plutonium recuperated from reprocessing spent nuclear fueL As it has
already been proved it is economically worthwhile to increase the initial enriching in a 5 U and
the specific burn-up rate of the fuel, the use of phitonium issued from reprocessing is more
difficult since modifications have occurred in its isotopic composition (increase in relation to
the proportion of even isotopes). Moreover, by nrrniimiTing the operating cost of nuclear
plants, it has been decided to extend the time period of the nuclear fuel's utilization cycle inside
the reactor.

Because of these constraints, France has decided to process the UOX nuclear fuel in power
reactors according to the following conditions :

Reactors class

Initial enrichment of ^^V
Fuel unloading mode

Average irradiation per fuel
assembly (GWd/MTU)

CP0

4,2 %
1/3
44

CP1-CP2
(without MOX

fuel)
3,7 %

1/4
42

CP1-CP2
(with MOX

fuel)
3,7 %

1/4
41.5

1300

4 %
1/3

43.5

Spent fuel reprocessing must be carried out in conditions enabling an optimal utilization of the
plutonium which it contains. Generally this condition is satisfied when processing is carried out
as soon as it is technically possible, thus limiting as much as possible the Phitonium isotope
241 decay. Considering the size of the spent fuel stockpiles which are unreprocessed today
because of the inadequate reprocessing and phitonium recycling capacities, this absolute
optimum can not be achieved. The reprocessing schedule is established by software which
search, over very long periods (several decades), the relative optimum of reprocessing-
recycling spreadsheet schedules. It is important to take into account not only the already spent
fuel assembly, but also the presently burning fuel assembly as well as the future fueL In reality
it may be interesting to mix phitonium issued from miscellaneous originating fuels, with very
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different decay periods. Moreover, short time operational programs studies must take into
account the necessary quantity of plutonium for homogenous composition reloads.

The functionalities of the two software being used presently : TIR-MONO and POMAR are
described in this paper. Where as TIR-MONO carries out global studies and roughing-down,
POMAR is used to carry out precise operational schedules for reprocessing spent fuel
assemblies.

TIR-MONO simulates the fuel cycle to provide an overall view of plutonium monorecycling
and identifies possible constraints in function of the minimal necessary content in plutonium,
enriching in ^MJ , insufficient utilization cycle length in reactors, etc. Particularly TIR-MONO
determines the fuels tangible characteristics (mass, residual heat, specific activity, etc.) and the
main wastes of the fuel cycle. TIR-MONO provides an answer to the following question:
could some of the present decisions possibly be a constraint in the future, for substantially real
reasons?

At the same time POMAR takes into account all of the spent fuel assemblage baskets being
reprocessed so as to be able to offer a choice of different assemblage baskets later to be
reprocessed and the plutonium batch made available for MOX fuel manufacturing plants.

Due to today's strategic orientations it is necessary to foresee the scheduling during the
coming years, the reprocessing of an important quantity of uranium oxide (UOX) fuel, almost
the same quantity as that of this fuel type currently unloaded from the reactors, for feeding up
to twenty eight 900 Mwe PWRs in MOX fuel, as well as one fast neutron, sodium-cooled
reactor (nuclear power station of Creys-Malville). Provisional studies show that the average
content in plutonium of the MOX fuel should progressively rise, while conserving constant
energetic performances, until reaching a level above which it may be necessary to adapt the
reactivity of reactors' control devices, for example, by raising the number of control rod
clusters and/or the nature of these rod clusters. This rise of the average content in plutonium of
the MOX fuel results from the evolution of its isotopic composition, initiated by the noticeable
accretion of its energetic performances.

This rise of the content in plutonium of the MOX fuel will also be necessary to increase the
energetic performances of this type of fuel, in order to try to reach those of the UOX fueL

Studies show that the increase of the content in phitonhun of the MOX fuel is progressive, due
to the important fuel stockpiles in a reprocessing cycle, which contains plutonium with a
favourable isotopic composition. The foreseen evolutions are developed in this paper. It is
nevertheless preferable, in order to realize a smooth increase in the accretion of content in
plutonium of the MOX fuel as well as possible, that the administrative constraints limiting this
content be made more flexible, since unjustified technical constraints lead to a non-optimal
choice concerning the spent fuel assemblies to be reprocessed.

The results presented in this paper illustrate how the general strategy defined by nuclear power
stations owner can be implemented, when taking into consideration the non processed waiting
spent fuel stocks. The consequence of this stock's reprocessing on long-term management of
the energetic resources which is plutonium can definitely be appreciated.
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REACTOR STRATEGY FOR NUCLEAR RESOURCE UTILISATION IN
INDIA

PLACID RODRIGUEZ, S.B.BHOJE, S.M.LEE
Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India

The electricity generation capacity in India is at present about 85 GWe which is
growing at a rate of 6% compound annually. Such a growth is expected to continue till India
reaches a state of industrial advancement. A moderate target for the electrical energy demand in
India can be put as 2000 kwh per capita per annum. This target should be compared with present
values of about 10,000 kwh in USA, 5000 kwh in Europe, 2100 kwh world average and 380 kwh
in India. Taking into account the expected growth in population in India, a target installed electric
capacity of about 450 GWe is thus essential. If the same growth rate in electrical demand persists,
the target could be required to be attained as early as 2025.

Table 1 presents a summary of the energy resource position in the country.
Traditionally, only one third of the coal production is used for electricity generation, the rest being
for other important uses including the metallurgical and petrochemical industries. It is seen that
while hydrocarbon reserves are extremely limited and needs to be conserved for use in other than
the electric power sector, even saturation development of hydroelectricity (over four times than at
present) can meet less than 25% of the projected demand. Thus the remaining 75 to 80% must be
met by coal or nuclear power. Extrapolation shows that proven coal reserves will be exhausted
before the target demand can be met and indicated/inferred reserves will exhaust a few decades
later. Hence, early development of the nuclear electric base to its full potential is essential.

A three stage nuclear power programme has been envisaged for India. In the first
stage a series of Pressurized Heavy Water Reactors (PHWR) is being set up using natural uranium as
fuel. However, the presently proven and iinferred natural uranium resources in the country can
sustain only about 10 to 15 GWe of PHWRs. This is very low compared to the present and target
electric demand. The need for the development and establishment of the FBR system with its
superior fuel utilisation is very important for the reactor strategy in India. The second stage of the
nuclear power programme envisages a series of FBRs using the plutonium and depleted uranium
from the PHWR spent fuel and technically capable of growing the nuclear electric capacity to as
much as 350 GWe. Subsequent growth and consolidation in the third stage of the programme will
be through the thorium resource.

For nuclear electricity to penetrate the energy mosaic in the country it is necessary
that its installed capacity grows faster than the growth rate of 6% of the total installed electric
capacity. With saturated PHWR capacity of the order of 10 to 15 GWe, a growth rate of 6%
implies an addition of 600 to 900 MWe per year from FBR at that time. The initial plutonium
available from the total PHWR programme will be enough to set up at least 20 GWe FBR capacity.
A 6% growth rate implies a compound doubling time of 12 years. Thus FBRs based on advanced
fuels with such short doubling times should be available for deployment after that time to grow the
FBR capacity to 350 GWe. By the use of thorium blankets the plutonium would be then converted
to U-233 and so the storage and handling of substantial quantities of plutonium is not required in
the very long term. An important advantage of the FBR is its capacity to burn long lived actinide
wastes efficiently. The development of minor actinide fuel cycle in the FBR is to be an important
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aspect of the program. R&D effort to reduce the fuel cycle fissile losses to less than 1 % is also
needed.

India is one among a few countries in which the balance between fuel availability
and electric power demand, calls for a strong committment towards rapid development of FBR
technology in order to meet the electricity requirement in the coming decades. New realities faced
by many countries in the world such as saturation of energy demand, availability of alternate
resources like gas, new and low priced resources of uranium, surplus fissile material from the
weapons programmes do not apply to India. Consequently the planned three stage power
programme continues to be applicable and the successful development and deployment of FBRs in
this country will have the following advantages.

assurance of fuel supply independent of world political developments;
potential of meeting the target electrical demand of 400 GWe to 500 GWe by the middle of the
next century;
a well proven technology with scientific and engineering feasibility already established;
potential to be commercially competitive with other forms of energy supply;
optimum utilisation of the mined uranium and capability to utilise thorium most effectively to

sustain the electric energy demand in the country for a very long time.

Table 1

Resources for Electricity Production in India

Resource

Coal

Oil

Natural gas

Hydroelectricity

Uranium

- in PHWR

- in FBR

Thorium

- in thermal breeders

- in FBR

Amount

200 billion t

0.6 billion t

540 billion cu.m

84 GWe at 60% C.F.

60,000 t

320,000 t

Coal Equivalent
(billion tonnes)

200

1.2

1

0.18/y

1.5

190

360

1000
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Abstract

The about 100 MT of excess plutonium that is going to be originated from
warheads dismantling under the START I and H agreements, and another about
200 MT already stockpiled from commercial fuel reprocessing in the world; have
recently brought to many proposals for Pu burning in a safe and economically
viable manner.
The present research concerns the utilization of commercial PWRs partially fed with
a non-fertile oxide-type fuel consisting of PuO2, either weapon-grade or reactor-
grade, diluted in an inert matrix, the rest of the core being still fed with standard low
U-235 enriched fuel. In order to not produce new plutonium during irradiation, an
innovative U-fres fuel based on an Inert matrix which will consist in a mixed
compound of inert oxides such as stabilized ZrO2, A12O3, MgO and MgAI2O4,
where the plutonium oxide is dispersed in, is under investigation. The matrix will
fulfill the following requirements: good chemical compatibility, acceptable thermal
conductivity, good nuclear properties, good stability under irradiation, high
dissolution resistance. The plutonium relative content in the fuel will be
comparable to that one used in standard MOX fuel for LWRs.
After discharge from reactor and adequate cooling time, the spent fuel is outlooked
to be considered as a HLW suitable for the final disposal in deep geological
formations without requiring any further reprocessing treatment (once-through
solution).
The very limited solubility under the current fuel reprocessing techniques,
coupled to the quality-poor Pu in the spent fuel, makes inert matrix fuel a potentially
strong anti-proliferation product. The fuel pellets similar to those currently
employed in commercial LWRs, will come from the ceramic mixed powders
technology or from Gel Supported Precipitation (GSP) microsphere process. The
neutronic calculations performed in sofar show that commercial PWRs operating in
a once-through cycle scheme, have good plutonium elimination capability.
Moreover, radiotoxicity levels in inert matrix spent fuel, do not appear to increase
with respect to standard unreprocessed spent fuel.
A R&D activity programme starting from simulate fuel, is presently under-way as a
cooperation between ENEA-Nuclear Fission Division and Polytechnic of Milano,
Italy.
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Present Status of R&D on Plutonium Rock-Like Fuel - LWR System

T. Muromura, H. Takano and T. Ohmichi
PROFIT R&D Team, Japan Atomic Energy Research Institute

Tokai-mura, Ibaraki-ken, Japan 319-11

On the annihilation of excess plutonium, a new system of Pu rock- like fuels (ROX) and their once-through
burning in PWR (ROX- PWR system) has been studied. In the system, Pu is converted into rock-like fuels (ROX)
by addition of inert additives in conventional MOX fuel facilities. They are almost completely burned in PWR
for generating electricity. The spent fuels thus obtained consist of mineral-like solid phases with high geological
stabilities, and are disposed without further processing after 30-50 years cooling[l,2].

1. Remarkable features of the system
(1) Proliferation resistance based on ROX fuel

As Pu rock- like fuels (ROXs) have compositions and crystal structures analogous to those of geologically
stable minerals, their chemical stabilities are excellent. The ROX fuels are themselves bearers of proliferation
resistance.

The ROX fuel provides a neutron economy better than UO2 fuel, because main neutron absorption isotope
U-238 is replaced by neutron scattering elements of low atomic number. In the ROX-PWR system, therefore,
about one tone of Pu could be annihilated under one GWe /300 EFPD. More than 90% of Pu-239 and 80% of
total Pu in ROX fuel have been transmuted. The spent fuels thus obtained do not contain valuable Pu from
proliferation viewpoint.
(2) Environmental safety of spent ROX fuel

The chemical stabilities are excellent in hot water as well as in hot HNO 3. The leach rates of spent ROX
fuels are remarkably low. Their geological stabilities are supported by those of natural minerals and rocks with
analogous compositions and crystal structures (natural analogues).
(4) Use of conventional facilities

The system consists of conventional facilities with normal equipments based on the present technological
backgrounds such as MOX fuel facilities, PWR and HLW repository. Accordingly, the ROX- PWR system
appears to be economical for disposing excess Pu by a rough cost estimation.

1. Present status
(1) Fuel study[3]

From consideration and experimental results of candidates, the ROX with a two-phase mixture of 40-50%
fluorite (ZrO2) +60- 50% spinel(MgAl2O4) appears to be appropriate for PWR use. Physical and chemical
properties of ROX are compiled in Table 1 compared with those of MOX. While the melting temperature of ROX
is lower than that of MOX, the thermal conductivity of ROX is higher than that of MOX . The results of
irradiation experiments show dissolution of solid fission products into the mineral-like phases in ROX fuel. The
investigations of swelling behavior are under way. It has been shown that the fluorite-type phase, the host phase
of Pu and TRU, is apparently insoluble into hot HNO 3 solution before and after irradiation.

(2) Core design of PWR[4]
The core design of one GWe class 17x 17 type PWR has been studied for ROX fuel. In the ROX fuel core,

Doppler and void reactivity coefficients are relatively small, and the power peaking factor is large as compared
with the existing UO2 fuel core. Hence, the transient behavior has been investigated by performing the safety
analysis for reactivity insertion and loss of coolant accidents. As a result, a homogeneous core of ROX fuel added
15mol%U02(or 24mol% ThO2) is proposed for high annihilation efficiency, and a heterogeneous core of 1/3 ROX
+ 2/3UO2 for almost complete burning of the excess Pu without production of new Pu in ROX fuel. Transmutation
rates of Pu are shown in Table 2 for various fuels and loading types into PWR.

3. Coming R&D program
The items in the followings will be examined for the use of MOX fuel facilities, PWR and others in coming

years: (1) Fuel fabrication process, (2) Irradiation experiments of ROX, (3) Spent fuel disposal, (4) Measurement
of Doppler reactivity and analysis for irradiated data of Pu, and (5) Total assessment of the system .
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Table 1, Physico-chemical properties of ROX and MOX fuels

Property

Composition

Production

Chemical stability

Thermo-physical property
specific gravity

heat capacity (J/g/K)

thermal conductivity
at 95TD (W/m/K)

melting temp. ( °Q

thermal expansion coef.
(1/K)

ROX fuel

40-50 mol% ZrO 2(Y,U) +
60-50 mol% MgAl 2O4

1,600-1,700 °C, H2

slightly soluble in hot
HNQ. sol.

6.0

0.58(400°Q, 0.74(1000 °C)

6.3(300 °C)
4.0(1000 °C)

1940°C(eutectic)

7-10 X10-6

MOX fuel

5mol% PuO2 + 95mol% UO2

~ 1,800 °C,H2

easily soluble in HNO3 sol.

10

0.29(400 °C), 0.32(1000 °Q

5.3(300°C)
3.0(1000 °C)

2800°C

8-11 X10-6

Table 2. Comparison of annihilation rates of Pu in ROX-PWR system (tone/GWe/300EFPD)
(2-dimensional core calculation and cell calculation)

Weapons-grade Pu Reactor-grade Pu
Loading / Fuel type "™~ _ _ _ _ _ _,

input output transmutation input output transmutation

Zr-ROX Pu-239 1.02 0.020 1.00(98) 0.80 0.08 0.72(90)
total Pu 1.09 0.182 0/?.K?.3j 1-36 0.44 .0-?2(68)

Zr-ROX Pu-239 0.89 0.03 0.86(97) 0.86 0.09 0.77(90)
(24%ThO2) total Pu 0.96 0.22 °.:M7.7).._ !.:4..?.P.-.r1.6. .9.-.?PM)

Zr-ROX Pu-239 0.84 0.07 0.77(92) 0.88 0.18 0.70(80)
(15%UO2) total Pu 0,90 0.21 9.:*%?V..._ lA9. 9.-.Z? .9.:7.?.(5?i..
l/3Zr-ROX Pu-239 0.35 0.03 0.32(91) 0.26 0.03 0.23(88)
&2/3UO2 total Pu 0.37 0.06 ? . : 3 . 1 ( M 0 . 4 5 0.08 9.3.7.(8.2)

X / r n Y Pu-239 0.81 0.30 0.51(63) 0.87 0.47 0.40(46)
total Pu 0.86 0.60 9.-26(30} 1.49 1.12 9.-37(25J

1/3 MOX Pu-239 0.27 0.18 0.09(33) 0.29 0.24 0.05(17)
& 2/3UQ2 total Pu 0.29 0.35 -0.06 (-20) 0.50 0.53 -003(-6)

( ) shows the transmutation rate (%) for Pu.

[1] H. Akie, et. al., Nucl. Technolgy, 107,182(1994).
[2] T. Muromura, et. al., IAEA-TECDOC-840, p253 (1995)
[3] N. Nitani, et. al., "Phase relations and thermodynamical properties of plutonium rock-like fuels for LWR
use", in Proc. 10th Pacific Basin Nucl. Conf., vol.2, p.1114, Oct. 20-25, 1996, Kobe, Japan (1996)
[4]H. Akie, et. al., "Plutonium burning of inert matrix fuel with rock-like structure", Proc. Inter. Conf.
Emerging Nucl. Fuel Cycle Systems, (GLOBAL-95), Sept. 11-14,1995, Versailles, p.l409(1995)
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Yoichiro Kishimoto and Tsuyoshi Mishima

Power Reactor and Nuclear Fuel Development Corporation (PNC)

1-9-13 Akasaka, Minato-ku, Tokyo 107, Japan

EXPERIENCE ON TRP OPERATION

TRP (Tokai Reprocessing Plant) is designed based on the chop-and-leach and PUREX

process technology to meet with the ability of handling spent fuels cooled over 180 days having

burnup up to average 28,000 MWd/t within 4 % enrichment uranium at processing capability of 0.7

tons a day at maximum. When it started hot operation in 1977, plutonium was to be stored as

nitrate solution and uranium as trioxides powder. Afterwards, a conversion facility and a

vitrification facility were attached and started operation in 1985 and 1995, respectively. Fig. 1

shows the amount of spent fuel annually reprocessed in TRP since the hot test started in 1977 to the

end of September, 1996.

In first 8 years after start-up of hot operation, unexpected radioactivity leakage from dissolvers

and evaporators often happened. Partial countermeasures or whole equipment replacement were

used to remedy the leakage. Based on the experience of having unexpected troubles, a decision

was made to develop a new dissolver and an evaporator made of material having improved

anti-corrosivity and to plan a long term maintenance program to replace major equipment including

them. Now, the concept of the program is to stop TRP for 10 months to a year to undertake

replacement every 300 tons treatment. The first maintenance was taken place in 1988 to 89 and the

second was carried out in 1993. In this decade, routine operation has become established as that

working days of about 200 days, i.e., 130 days of actual operation which is divided into two

campaigns and remaining 70 days for pre and post campaign maintenance, enables annually 90

tons reprocessing.

PLUTONIUM FUEL TECHNOLOGY

PNC started basic studies on plutonium handling, MOX fuel characteristics and fuel fabrication

technology in 1966 and strengthened its fuel fabrication capability twice, once in 1973 and another

time in 1988 according as the progress of the PNC's new reactor development program, i.e.,

development of ATR "FUGEN" and FBRs "JOYO" and "MONJU". Consequently, now it has

three plutonium facilities at Tokai site. Total amount of plutonium recycled into three reactors

before September, 1996 is 5.3 tons, roughly one thirds go to each reactor, and MOX amount

fueled reached 148.5 tons. FUGEN started commercial operation in March, 1979, since then it

loaded over 600 MOX fuel assemblies which is the top class achievement among world's thermal

MOX fuel loading experiences as illustrated in Fig.2.

PNC recognized, in early 1970's, reactor grade plutonium coming shortly and insisted that

process equipment should be accommodated to exclude manual operation to hold the operators'
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exposure to the rninimum and started development of mechanization and automation of process

equipment in the early stage of the second facility operation. The third facility was developed to

meet the requirement of process automation from the very beginning of the design stage.

Overcomming the fabrication of MONJU first core as well as the recovery of 70 kg Pu holdup,

now the process has been well developed as what equipped with state of the art robotics and remote

control technology and also with newly developed dust collecting system.

FBR FUEL RECYCLIN TEHNOLOGY
Since Japan thinks of FBR based commercial plutonium recycling system being necessary by

2030, it is recognized important, as well as to gain plutonium recycling experience, to implement

R&D concerning improving economics of FBR fuel cycle. PNC, as an R&D center is constructing

RETF (Recycle Equipment Test Facility) which is to be attached to TRP in order to reprocess FBR

fuel expecting it starts after Rokkasho Reprocessing Plant starts operation and also foresees MOX

fuel fabrication for the FBR demonstration reactor as well as MONJU.
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RECENT DEVELOPMENTS OF NUCLEAR
NON-PROLIFERATION IN PNC

M.SENZAKI, T.MOCHIJI AND A.IZUMI

Power Reactor and Nuclear Fuel Development Corporation (PNC)

1-9-13 Akasaka, Minato-ku, Tokyo 107, Japan

It is important to explain the direction and rationale of the civil nuclear program to its citizens and to

citizens of other countries to avoid any possible misunderstanding. In light of these considerations,

both the Government and the nuclear industry of Japan have been pursuing a multi-pronged effort to

strengthen the global nonproliferation regime and enhance international understanding that the use of

plutonium will occur under the most secure and rigorous conditions in order to discourage and prevent

any misuse.

To this end, PNC has been a strong supporter of the technical improvement and advancement of the

IAEA safeguards system, including the ability of the IAEA to apply the most up-to-date safeguards to

plutonium bulk handling facilities. PNC has also been active in encouraging the examination of

more "proliferation resistant" fuel cycle concepts that serve to reduce the accessibility of special

nuclear materials.

So-called Pu/U co-processing is employed in the PNC fuel cycle system so that the plutonium is

always recovered as a mixture with the uranium in the same or larger amount. Moreover, the

concept of advanced fuel recycle system shown in Fig. 1 where plutonium is never available in a form

separated from other heavy elements and fission products is very appealing from a nonproliferation

perspective and continues to be a subject of interest and discussion.

It is also an essential factor for PNC to gain public trust and understanding of its activities in order to

continue the research and development of civilian plutonium utilization technology. PNC has begun

to actively take initiatives on an international scale to improve both transparency and openness, and to

contribute to nonproliferation. '

A few examples of PNC's new initiatives include :
• With the motto "Nuclear Nonproliferation and Safety Are Like Two Inseparable Wheels of a

Vehicle" as PNC's basic philosophy, PNC adopts appropriate measures for better transparency and
reliability of its activities and promotes nonproliferation objectives.

• PNC established the Office of Nuclear Nonproliferation in 1993 to fill an important role for

managing issues relating to nuclear nonproliferation, and to reinforce appropriate countermeasures

against nuclear proliferation.

74



LWR Pu LWR

Reprocessing
(Purex).^

Fabrication

Advanced
Reprocessing and
Fabrication Plant

Pu, U, MA

Economical improvement
Waste minimization
Enhancement of
proliferation resistivity

FBR

Multi-
recycling

F i g u r e 1, C o n c e p t o f a d v a n c e d f u e l r e c y c l e s y s t e m



ON

Break
Beam

I-
Motion
Sensor

i

—4—

Motion
Sensor

4-
Video

Camera

Motion
Sensor

4 -
#—

Motion
Sensor

j

Gamma
Sensor

4-
Gamma
Sensor

Neutron
Sensor

4-
Neutron
Sensor

4

Modem

PNC Remote
Computer

Managing
Computer

Modem Data Transmission
via

Telephone Lines

Modem

SNL Remote
Computer

Modem

Joyo Remote
Computer

Figure 2. Joyo Remote Monitoring System Block Diagram



• In the interest of studying nuclear proliferation issues from a broader perspective, namely, fully

aware of various relevant trends including those in international politics, science, culture and

sociology, PNC established a "Study Group on Nuclear Nonproliferation" in 1995 primarily

comprised of industry professional from other company and university professors.
• In November 1996, PNC held "the 2nd PNC International Forum on Nuclear Nonproliferation",

with approximately 30 experts invited as panelists from Japan and abroad. At this Forum, which

was attended by about 650 people, the discussion addressed two central themes: "The International

Environment for the Peaceful Use of Nuclear Energy" and "Nuclear Energy Development and

Nonproliferation Issues in Asian Region.

Furthermore, PNC and DOE are collaborating on both the development of a Remote Monitoring

System and in Research on 'Transparency" for nuclear nonproliferation. The collaboration is part of

PNC/DOE Agreement for Cooperation in Safeguards and Nonproliferation.

A remote monitoring system is being installed in a spent fuel storage area at PNC's experimental FBR

"Joyo" in Oarai Engineering Center. The system shown in Fig. 2 has been designed by Sandia

National Laboratories and is closely related to those used in other Sandia remote monitoring projects.

In particular, the Joyo project will study the unique aspects of remote monitoring in contributing to

nuclear nonproliferation. The project will also test and evaluate the fundamental design and

implementation of the remote monitoring system in its application to regional and international

safeguards efficiency.

The purpose of the joint Research on 'Transparency" is to clarify the means to improve world wide

acceptability for the nuclear energy from the nuclear nonproliferation point of view. PNC and DOE

carry out the study of the related subject independently, then hold meetings to exchange information

and views on "transparency", namely the policy environment of transparency, the development of

transparency options, and technical options for transparency.

As a result of program of contributions to nuclear nonproliferation created by the Japanese

Government, PNC, which has already obtained an extensive nuclear control-related expertise from

FBRs such as "Joyo" and "Monju", was requested to provide technology assistance for the system of

the nuclear material accountancy at the BN-350 FBR in Kazakhstan.
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Safety Aspect of Nuclear Fuel Cycle Facilities in PNC
Power Reactor and Nuclear Fuel Development Corporation (PNC)

by H. Taniyaraa and H. Kanamori (PNC)

PNC involved in constructing and operating various kinds of the nuclear fuel cycle facilities
including a fast breeder reactor and an advanced thermal reactor.

Concepts of safety on these facilities consist of design of the facilities, construction of the
facilities, quality control of the facilities, operation of the facilities including maintenance, radiation
exposure of the public, radiation exposure of the plant personal, accident management and so on.

To begin with we describe on the topics of the exposure of the plant personal and the public.

To begin with, the experimental fast breeder reactor "JOYO" has been operated more than 19
years successfully. Main cause of the exposure of the workers is come from maintenance activity of
the reactor. The total exposure was about 480 man-mSv in the tenth maintenance activity. The
exposure in maintenance period was come from the radiation from the corrosion products deposited
on main equipment.

Advanced thermal reactor "FUGEN" is also operated more than 18 years, main cause of the
exposure of the workers is also come from the maintenance activity of the reactor. The total
exposure was about 3 man-Sv in the thirteenth maintenance activity including the reconstruction of
equipment The exposure in maintenance period was come from the radiation from the crud
deposited on main equipment.

Reprocessing plant is operated more than 16 years, large scale maintenance activities have been
performed, like repair of the dissolver and acid recover evaporator and so on. In these maintenance
activities, total exposure is about 90 man-mSv. In the mean time, we investigated some
technology on remote maintenance technology.

In the period of normal operations, there is very little exposure at the reactor plants (JOYO and
FUGEN) and Reprocessing plant.

MOX fabrication plant is operated to fabricate the fuels for "JOYO" and "FUGEN" and
"MONJU". The exposure in the MOX plant is based on the normal operation of the plant mainly
from the radiation of neutrons from trans.-uranium nuclides. In these the normal operations of the
plant, total exposure is about 1 man-Sv in 1995. Some research on shielding of neutrons was
performed.
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Uranium enrichment facilities are comparatively safe from the radiation exposure point of view.
Potential hazard of the enrichment facility is chemical toxicity of HF.

In these facilities, common technique to reduce the exposure is the remove and shield the
radiation sources that use the remote control technique.

We stopped mining uranium in 1970, but still keep Tono mine that is now used as the

underground geological technique development.

Among nuclear fuel cycle facilities, actually the reprocessing plant is the most dominant facility
for the environmental dose burden. Carbon, Iodine is the main two nuclides for the estimation of
the exposure. In the normal operation of the reactors, MOX facility, uranium and enrichment
facility environmental impact is negligiblecompare to the reprocessing plant.

Topics of the environmental impact of the reprocessing plant are the estimation of the inner gases,
which is relatively small compare to other nuclide, because of the inert gasses are diffused to the
atmosphere of the world.

As of the consideration on the potential accident of these facilities, reactors are the most important
facilities for dose estimation to the public.

Other than the topics on the exposure, we would like to mention on Ihe other safety aspect of the
fuel cycle facilities.

Keyword
present status, future prospect, potential hazard, environmental impact, exposure of the workers,

reduction of the impact, recovery of the radioactive material, reduction of exposure of the workers,
maintenance activity, normal operation of the plant, minimization of the risk, environmental risk
assessment
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FBR and Advanced Fuel Recycle System:
A Path Leading to Energy Sustainability

Tomio Kawata and Shigeo Nomura
Nuclear FucL Cycle Developmeat Division, Head Office

Power Reactor & Nuclear Fuel Development Corporation
1-9-13 Akasaka, Minato-ku, Tokyo 107, Japan

Osamu Yamamura and Hisao Ojima
Tokai Works

Power Reactor & Nuclear Fuel Development Corporation
4-33 Murarnatsu, Tokai-mura, Ibarald 319-11, Japan

Fuel recycle option combined with, fast breeder reactors allows us to
burn virtually all of the available uranium, and thus makes nuclear energy a
virtually inexhaustible energy resource. However, this option is now hardly
accepted in the world mainly from the economical weakness and the
proliferation risks to utilize plutonium in industrial scale. On the other
hand, it is quite obvious that an expanded use of nuclear energy in
industrialized countries is very desirable partly because of the limited
availability of fossil fuels compared with increasing energy demand in the
world, and partly because of the necessity to suppress greenhouse gas
emission. In this regard, it is very important to maintain the effort to
improve fast breeder reactor and its fuel cycle so that they will overcome
existing obstacles, and be deployed as one of sustainable energy supply
systems which conform to the social and economical requirements envisioned
in the 21st century. To meet such objectives, an effort is continuing to
improve the economy of fast reactors, and a drastically improved recycle
concept has been proposed as 'Advanced Fuel Recycle System1.

Design for fast reactor system is under way in both utility group and the
Power Reactor and Nuclear Fuel Development Corporation (PNC) in
cooperative manner, and a remarkable reduction in overall plant size and the
amount of construction materials is being achieved in new design.

Advanced Fuel Recycle System is composed of the reprocessing based on
a single-cycle co-extraction process and the remote fuel fabrication based on
gelation and vibro-packing methods. In the conventional reprocessing,
uranium and plutonium are separately recovered in very pure form. In a
single cycle co-extraction process, plutonium is always recovered as a
mixture with the uranium in the same or larger amount. By adopting such a
process, we can renounce the capability of pure plutonium production or
handling from entire stages of the fuel cycle. If we build the facility based
on this concept and operate it under the full-scope IAEA safeguards, it is
practically impossible to clandestinely modify the facility to recover
separated plutonium in pure form. Because the product materials from
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reprocessing are not fully purified, they are always accompanied by the
remnant of fission products which serve as a radiation barrier of the SNM

" against theft. Thus we can significantly strengthen the fuel recycle system
from the non-proliferation aspect. A drastic process simplification will
greatly reduce both capital and operational costs, and generation of
secondary waste.

In the fuel fabrication process, the gelation and vibro-packing method has
been proposed as a method suitable for the process remotization in a shielded

" environment. The cost penalty of the remotization will be well compensated
by the cost reduction which is attributed to the fact that die number of its
process steps is much smaller than in the pellet process preceded by the
conversion process. It is also easier to integrate it into the end process of the
reprocessing plant, because most of this processes are fluidized. The
integration of reprocessing and fabrication processes into one fuel cycle plant
will contribute to further reduction of the fuel cycle cost, and will also
reduce the proliferation risk by eliminating the necessity of transportation
between fuel related facilities.

The R&D program at die PNC is now being revised to focus on the
realization of the Advanced Fuel Recycle System in early decade of the next
century.

Advanced Fuel Recycle System
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INTERNATIONAL SYMPOSIUM ON NUCLEAR FUEL CYCLE AND REACTOR
STRATEGIES : ADJUSTING TO NEW REALITIES

SYNOPSIS

URANIUM PRODUCTION POTENTIALITIES AND EXPECTED
CONSUMPTION IN ATOMIC POWER ENERGY OF KAZAKSTAN

A.Baldov
KATEP, Almaty, Kazakstan

Kazakstan has reach resources for uranium production. Acting
centers of uranium production are distinguished by operating
properties. There are three types of uranium production centers
based on the type of deposit and method of uranium mining.
Properties of uranium mining centers are displayed in table 1.

Table 1
Operational properties of the existing centers of uranium
mining.

method of mining

underground
open-pit
in situ leach

output
(tons/year)

2000
1000
2300

average uranium
content in ore (%)
0,18...0,32
0.03...0.05
0,03...0,07

cost
(USD/kg)
20
32
12

Uranium resources of Kazakstan are concentrated in deposits
available for ISL method (i.e. 75%).
In prospect uranium mining development is planned exactly on
these deposits. Quantity of reasonably assured resources (RAR)
are estimated as 1200 thousand tons. Development of natural
uranium production , which decreased to 1630 tons in 1995 in
Kazakstan, is intended to effect in 2 ways:
* rehabilitation of mining on existing ISL mines
* forming of new mining centres with ISL method

Forecast of uranium mining development with a share of capacities
newly put into operation is displayed in table 2.
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Table 2
Forecast of uranium mining development

Rehabilitation
of mining
objects on
existing
mines
Newly put into
operation
mines
Total

1995
1500

1500

2000
2450

750

3200

2005
3100

2400

5600

2010
3100

4200

7300

2015
3100

5000

8100

2020
3100

5400

8500

2025
3100

7000

10100

2030
3100

8000

11100

Existing structure of power production in Kazakstan is characterized
by the following features:
* organic fuel base - 92,5 %
* hydroplants - 7,0 %
* atomic plants - 0,5 %
In accordance with the program for energy , Kazakstan will face a
demand for new producer capacities at 2010. Atomic power plants
constructing is revealed as one of the ways to solve this problem.
Expected period of atomic plants capacities to be put into operation
1s shown in table 3.

Table 3.
Schedule of capacities put-lnto operation.

year
capacity,
MWE

2005
1x640

2007
1x640

2009
1x640

2011
1x640

2025
1x640

2030
1x640

Taking into account that initial uranium loading into active zone of reactor
is considered as 400 tons of natural uranium and annual addition is 120
tons , Kazakstan annual uranium consumption will be less than 1000 tons
in case of atomic power energy development in Kazakstan. Thus,
domestic uranium consumption can be satisfied in condition of present
level of production. Development of uranium production as mentioned
above has an aim to extend export. Realization of atomic energy program
of Kazakstan will not influence to Kazakstani uranium supply to the world
market.
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Economic Comparison of 'MOX fuel cycle' with 'Uranium fuel cycle'

Ki-Dong Song, Man-Ki Lee, Kee-Hwan Moon, and Seung-Su Kim
Economic Analysis Department, Korea Atomic Energy Research Institute, Taejon, Korea

This study compares the economics of 'MOX fuel cycle' (MFC) with 'Uranium fuel
cycle' (UFC). Figure 1 shows the concept of MFC and UFC. As shown in Figure 1, MFC is
linked with both 'Reactor-A' (RA) and 'Reactor-C (RC). MOX fuel loaded in RC is
manufactured by mixture of plutonium extracted from the spent fuel of RA with depleted
uranium. The RA and 'Reactor-B' (RB) consist of two independent UFC, assuming that RB
uses the same fuel type as RA. It is also assumed that RB and RC are the same PWR
types as well as their commercial operation start at the same date in order to compare two
different fuel cycle cost more consistently. Finally, it is also assumed that amount of the
loaded fuels for both RB and RC are to be identical.
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Figure 1 Concepts of MOX fuel cycle and U fuel cycle

The component costs of front-end fuel cycle such as U3O8, conversion, enrichment,
and fabrication are estimated on the basis of data from Korea Electric Power Corporation
(KEPCO). In fact, KEPCO is owned by the government and this data is officially used in
long-term electric system expansion planning in Korea. The back-end component costs
except for disposal cost of spent fuel are based on OECD/NEA report [2]. The disposal cost
is estimated as 542,000 Won/kgU (equivalents 700$/kgU) which is being actually accumulated
every year by KEPCO. And it is also assumed that the disposal cost and storage cost of
spent fuel of UFC and MFC have the same values. Lead and lag times in Table-1 are
accumulated figures when the timing of fuel loading of RA is assumed as the base date,
that is, 'O(zero)'. Loss rates of conversion, fabrication, reprocessing, and MOX fuel fabrication
are assumed to be 0.5%, 1.0%, 2.0%, and 1.0%, respectively. Discount rate is assumed to
be 8.0%, which is used by KEPCO. All costs are expressed in constant dollars in the year
of 1996.

Table-2 shows the results of economic comparison of MFC with UFC. As shown in
this table, levelized fuel cycle cost of MFC and UFC is 6.78 and 6.34 mills/kwh, respectively.
Economic inferiority of MFC is mainly stemming from high reprocessing cost.

Sensitivity analyses were carried out to see the effects of the change in some
critical input parameters such as uranium price, reprocessing, and MOX fabrication costs on
the levelized fuel cycle costs. According to the sensitivity analysis, if the uranium price rises
over $335/kgU(=$129/lb U3O8), MFC is economically more competitive than UFC. On the
other hand, if MOX fabrication costs and reprocessing costs each fall by 20%, the
break-even point for both MFC and UFC occurs at the uranium price of
$167.4/kgU(=$64.4/lb U3O8), while MFC is economically more competitive than UFC at the
range of a higher uranium price than the above. Finally, if MOX fabrication costs and
reprocessing costs fall by 33% each, MFC is economically more competitive than UFC.
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Table-1 Major input data for economic comparison between MFC and UFC alternative

Fuel cycle component

Reactor-A

Reactor-B

Reactor-C

Technical Data

General Data

U3O8
Conversion
Enrichment
Fabrication
Spent fuel transport/interim storage
Spent fuel disposal
U3O8
Conversion
Enrichment
Fabrication
Spent fuel transport/interim storage
Spent fuel disposal

^Reprocessing
MOX fabrication
Reprocessing waste disposal
MOX Spent fuel transport/interim storage
MOX spent fuel disposal

Cost Data
Unit
S/kgU
ykgU

S/SWU
VkgU

$/kgHM
$/kgHM

$/kgU
$/kgU

$/swu
$/kgU

$/kgHM
$/kgHM
$/kgHM
S/kgHM
$/kgHM
S/kgHM
S/kgHM

Cost
64.4
5.6
133
297
269
700
64.4
5.6
133
297
269
700
843
937
700
269
700

Lead & Lag
Time (months)

-24
-18
-12
-6

+60
+300
+72
+78
+84
+90

+156
+396
+72
+90

+312
+156
+396

Loss Rate
(%)

0.5

1.0

0.5

1.0

2.0
1.0

O Burnup : 43,000 MWD/MTU 0 Enrichment : 3.7 %
o in core residence times •" 4yrs o Talis assay •' 0.225%
o Discount rate = 8.0 %/yr o Exchange rate : 774.7 Won/$
o Cost reference year = 1996. 1. 1

Notes 1) Base date of lead and lag time is the loading date on Reactor-A (not included in in-core residence times)
2) UFC = Reactor-A + Reactor-B, MFC = Reactor-A + Reactor-C

Table-2 Results of economic evaluation on UFC and MFC alternative

Fuel cycle component

Common cycle

Uranium fuel cycle

MOX fuel cycle

U3O8-A
Conversion-A
Enrichment-A
Fabrication-A
Spent fuel storage-A
Spent fuel disposal-A
U3O8-B
Conversion-B
Enrichment-B
Fabrication-B
Spent fuel storaoe-B
Spent fuel disposal-B
Reprocessing-C
Reprocessing waste disposal-C
MOX fabrication-C
Spent fuel storage-C
Spent fuel disposal-C

Total fuel cycle cost
Relative cost index (%)

Fuel cycle cost (mills/kWh)
Uranium fuel cvcle

1.72
0.14
Z52
0.97
0.40
0.22
0.11
0.01
0.15
0.06
0.02
0.01

-
-
-
-
-

6.34
100

MOX fuel cvcle
1.72
0.14
2.52
0.97
-
-
-
-
-
-
-
-

1.16
0.19
0.04
0.03
0.01
6.78
107

Notes) A, B and C mean independent PWR type Plant.
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DUPIC Fuel Development Program in Korea

Myung Seung YANG, Bong Goo KIM, Ki Kwang BAE. Jung Won LEE,
Hyun Soo PARK
Korea Atomic Energy Research Institute, Taejon. Korea

A fuel cycle concept for PWR-CANDU synergism WQ3 developed for tlic
reutilization of spent PWR fuel in CANDU reactor without adopting the conventional
wet reprocessing. The concept was named as DUPIC (Direct use of spent PWR fuel
in CANDU reactor), and the rationale is to directly lefabricate the radioactive spent
PWR fuel into CANDU fuel in remote manner at the shielded facility.

Based on the conclusion of the feasibility study completed in 1993, the powder
processing method called as OREOX (Oxidation and reduction of oxide fuel) process
was selected as a most premising orocess among various options for the fabrication
of DUPIC fuel mainly due to its homogeneity of the material properties of the
fabricated products. The ORiiUX process is schematically shown in Fig. 1. In
OREOX process, the fuel pellets of the spent PWR fuci are taken out by the
mechanical and oxidative decladding process. Then, the fuel pellets are subject to the
repeated oxidation and reduction to improve the powder properties for the fabrication
of the high density DUPIC pellets. Once the resinterable powder h2S been prepared,
the following fabrication process is- almost identical to that of the conventional
CANDU fuel fabrication except that ail the DUPIC fuel fabrication wili be performed
in remote way.

In order to experimentally verify the performance of DUPTC fuel, KAERI has
launched the next phase study in 1993 in cooperaton of AJECL in Canada and USA.
The main ubjectives of the study currently under way are to fabricate several
prototypical DUPIC fuel rods and bundle, and to perform irradiation at material test
reactor and post-irradiation examination for the evaluation of the fuel performance.
The material tJows and plan for the use of the related facility in KAERI for the
DUPIC study is shown in Pig. 2. It is the basic principle to fully utilize the aJready
existing facilities for DUPIC study, such as HANARO multi-purpose reactor for the
DUPIC fuel irradiation, PIEF (Host irradiation examination facility) and 1MEF
(Irradiated materials examination facility) for the prototypical DUPIC fuel fabrication,
CANDU fuel fabrication facility for the preparation «f DUPIC fuel - sheathes, etc.
However, some improvement of facilities arid development of additional equipment are
requested The fuel .fabrication equipment which can be ojxirated and maintained in
remote mar.ner is currently unrifr rifsijjn. fabrication and test operation. The fuel test
loop facility and small modification of hot cells are also under design and
construction, besides the optimum process conditions are also under study by use of
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natural uranium oxide powder and simulated high burnup fuel It plans that aU the
necessary preparations will be completed for the actual DUPIC fuel fabrication
campaign in 1999. A series of the DUPIC fue! Irradiation and the performance
evaluation will be performed until the first of next century, on which the future plan
of the pilot scale fabrication and performance verification will be prepared.
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Safeguards for DUPIC Fuel Cycle
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1. Introduction
To take advantage of having both types of reactors, P WR and CANDU, Korea has initiated a

R&D project on reutilizaiion of spent PWR fuel in CANDU reactor with international consensus
of proliferation resistance fuel cycle.

DUPIC fuel cycle is indeed proliferation Tesistant fuel cycle in views of:
• Non-accessibiJity 10 the fissile material involving no separation of Pu
• Total containment of entire process time due to high radiation hazards
• No involvement of internationally known sensitive technologies
Together with these views DUPIC project is being carried out with international participants to

demonstrate transparency of DUPIC fiiel cycle in peaceful use of nuclear material.

2 . Safeguards System

DUPIC Safeguards is involved with activities such that PWR spent fuel receiving, dismantling of
assemblies, cutting rods into required size, decladding into sinterable powder and fabricating rods
and bundles. There are several inherent attributes of this process in terms of safeguards. These
attributes include the following :
l. Major part of process contains the bulk form of SNM thus material unaccounted for has to be

evaluated periodically.
1. There is no IAEA safeguards criteria available for use as reference in establishing a facility

safeguards system.
3. There is no known measurement technologies to DUPIC material accountability
4. All transfer of nuclear material including process generated wastes transfer take place in

shielded casks, thus there is no positive verification technique to assess the contents of the
cask.

Fortunately the above mentioned safeguards related issues have been reviewed and working out
for exptaimental verification through the joint efforts of KAERI and LANL since 1995. And the
Tesults of joint study carried out so far revealed That there were three essential components
required for establishing IAEA safeguards system; those are NDA measurement technology,
nuclear material accountability system and containment and surveillance technology.

• NDA instruments for DUPIC safeguards

Because no chemical reprocessing is involved in the DUPIC fuel cycle, the ratio of M4Cm isotope
is a prolific source of spontaneous fission neutrons, and we can separate background neutrons by
means of coincidence or time-correlation neutron counting- Upon discharge of spent fuel



assemblies from PWR core the predominant fission neutron sources are from 2<2Cm and 2-MCm of
which short lived M2Cm decays off in approximately 3 year while 244Cm remain constant This
neutron signal fiom w C m is used to estimate Pu content as well as Uranium content in DUPIC
fuel material. Other samples including cut PWR rods, process powder, waste and finished rods
can be measured in the system.

4 Nuclear material accountability system

DUPIC fuel fabrication process is a closed process and direct access is limited to remote operation
safeguards related instruments for nuclear material flow control and accounting for- Under this
condition DUPIC safeguards system is to introduce FacSim, MAWST and COREMAS to
enhance the implementation of IAEA safeguards by operator, and to facilitate IAEA's
independent verification activities. All programs are being developed for the application of
DUPIC Fuel Developing Facility(DFDF) by KAER1 and LANL.
FacSim will be used for the facility operation planning, estimation of inventory difference
variances and evaluation of alternative processing methods." MAWST was developed by LANL is
being reviewed and updated for statistical evaluation of the DFDF. COREMAS will be used for
the framework of a material accounting system. This system tracks the movement of material
throughout a site and generates lie required reports for IAEA. COREMAS will be interfaced
with MAWST and give timely informaiion on mass balance, and material flow status in DUPIC
process.

• Containment and surveillance system

It is recommended to consider two phases for containment and surveillance system. One is tbe
conventional surveillance system using radiation monitoring and camera recording, the other is
the unattended continuous monitoring system. The investigations of unattended continuous
monitoring was started and design of the system had finished. While the surveillance system
consisting of CCD camera and NDA equipment continuously monitors the material flow, the
sensory data are integrated to a neural network to automatically diagnose the normal and
abnormal conditions of material flow. For the integral part of mullisensory system and analytical
paradigm, two types of neutron counter, that is, cylindrical and rectangular types, will be used for
surveillance system. And unattended continuous monitoring as a complementary to COREMAS
gives out time synchronized radiation and image information when monitoring field is disturbed
by nuclear material in and out of process area.
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FAST REACTORS AND PLUTONIUM PROBLEM

V.I.Matveev, V.M.Poplavsky, A.G.Tsikunov, V.A.Cherny.

EXTENDED SYNOPSIS

Utilization of plutonium, both power and weapon-grade, released during the
disarmament process, is the more important present-day scientific-technical problem.
Along with utilization of plutonium in WWER reactors is already being conducted on a
substantial scale in France, Germany and Belgium, this problem highly efficiently can
be solved in fast power reactors. This is the most characteristic for Russia, where BN-600
reactor is operating successfully and the BN-800 reactor construction is under way. For
realization of plutonium reactor utilization programme, the creation of the MOX-fuel
production technology is necessary. In Russia, such technology, as applied to fast
reactors, has been developed, and a great deal of fuel pins, manufactured on the basis of
this technology, has been tested in the reactors BOR-60, BN-350, and BN-600.

Physical aspects of the fast reactor, using MOX-fuel, have been studied in sufficient
detail and justified by the practice of operating NPP with this type reactors. Experience
gained in fast reactor core development with MOX-fuel has shown that such cores are
sufficiently compatible with cores on uranium fuel, which are used so far in the BN-600
reactor. At the same time, for efficient plutonium utilization, particular cores
modernization is necessary, which in the first stage consists in replacement of breeding
blankets by non-breeding ones. Investigations performed to date show that such
rearrangement of the cores is possible for both operating BN-600 reactor and the BN-800
reactor design. In this paper, major results are presented of such modernization study as
applied to the BN-600 reactor, including studies on development of a demonstration
version - a hybrid core for the BN-600 reactor. Second stage is the core modernization
with the purpose of MOX-fuel enrichment increase. This way is quite efficient, because
it permits, using the well mastered MOX-fuel technology, to obtain high enough
characteristics of plutonium utilization efficiency. Weapon - grade plutonium utilization
makes it much easier the process of MOX-fuel implementation due to its low radiation
activity and, at the same time, doesn't bring any new problems in physics and safety.
Here, however, a new aspect appears - the necessity of effective denaturation of the
plutonium isotope composition. In the report, this aspect is considered and it is shown
how this problem is solved in fast reactors. The use of fast reactors with modernized
cores of the type considered in the nuclear power permits in principle to organize a «waste
free» fuel cycle, in which all produced in thermal and fast reactors actinides are utilized.
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COMPLEX APPROACH TO UTILIZATION OF WEAPON-GRADE
FISSILE MATERIALS

E.V. Dolgov, V.A. Pivovarov, V.N. Sharapov
State Scientific Center - Institute of Physics & Power Engineering (IPPE), Obninsk, Russia

Huge financial and human resources have been spent on manufacturing of
weapons-grade fissile materials, released now as a result of disarmament Taking into
account the existing economic situation in Russia, we can not count on new
considerable costs, which would be necessary for constructing specialized reactors, for
instance reactors burning out plutonium, even if from the physical or political points
of view such reactors would be the most effective. It is extremely desirable not only to
minimize costs of utilization of weapons-grade materials, but to make their use
economic in the nearest future and to partially offset the previously incurred expenses.
It means, that weapons-gradematerials should be used in the framework of the existing
nuclear power based on thermal reactors.

The presented paper deals with WER-1000 reactors and the opportunity to
replace standard UO2 fuel composition for fuel composition including weapons-
gradematerials, with minimal change in the design of fuel assemblies and in-pile
devices, the thermohydraulical characteristics and parameters of safety.

1. MOX -fuel on the basis of weapons-grade plutonium and enriched uranium.

At present time, as a rule, two principal options of utilization of weapons-
grade nuclear materials in light-water reactors being in operation, are considered.

I. The weapons-grade plutonium it is supposed to be used in a form of mixture of
plutonium dioxide and dioxide of depleted or natural uranium (MOX -fuel).

II. The weapons-grade uranium is diluted by depleted or natural uranium up to a
typical for power reactors level of enrichment to receive a standard reactor fuel.

Thus, the utilization of weapons-grade plutonium and use of weapons-grade
uranium are treated as two independent problems. The proposed complex approach to
the problem of utilization of weapons-grade materials assumes the two problems of
utilization of weapons-grade plutonium and uranium to be solved jointly. In this case,
it is believed that usage of weapons-grade uranium could alleviate the problem of
utilization of weapons-grade plutonium in existing light-water reactors.

It is known that direct replacement of uranium fuel for plutonium one in
W E R reactors offers significant problems, e.g. reduction of efficiency of control rods
and boron dissolved in the coolant, that has a negative impact on VVER reactors's
safety.

A restriction of a share of MOX fuel assemblies in the core to 1/3 permits to
reduce these problems, but simultaneously results in significant non-uniformity of
power distribution on boundaries-of uranium and plutonium assemblies. This is
extremely undesirable for VVER-1000 reactor from the standpoint of its high power
density.

In this respect, a variant of VVER-1000 core loaded completely with MOX
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fuel on the basis of enriched uranium, has been considered. In so doing, the 1/3 of
fissile nuclides is weapons-grade plutonium, and the 2/3 is weapons-grade uranium. It
has been shown that from the standpoint of neutronic properties, the investigated
variant of a reactor core loaded with MOX fuel was similar to the variant with
conventional uranium loading. And its realization would not require essential changes
in the design of fuel assemblies, reactor control system and the mode of refueling.

2. Cermet fuel on the basis of weapons-grade uranium and metal thorium.

In addition to reduction of bulk of mining and enrichment of uranium for
needs of the existing nuclear power, another important strategic purpose of utilization
of weapons-grade materials can become the initialization of thorium fuel cycle.

A variant of loading reactor VVER-1000 with a cermet fuel based on
weapons-grade uranium dioxide (5 and 6 volume per cent) in a matrix of metal
thorium is considered. It is shown that such fuel composition has a number of
advantages as compared to conventional one with respect to fuel usage, safety and
ecology.

The better conversion and economic refueling allow for 25% reduction of the
specific consumption of U-235 for producing unit of thermal energy, in comparison
with the existing WER-1000 reactors. Therewith, 1 GW(e)*year of the produced
electric power gives 351 kgs U-233, that is 1.6 times larger than production of fissile
nuclides of plutonium and more than two times larger than production of a relatively
stable Pu-239 in a serial reactor. Distinct from plutonium containing Pu-241 with half-
life of 13 years, fissile isotopes of uranium are stable (or practically stable), and this
circumstance permits to postpone reprocessing of burned fuel for many decades
without loss of quality of recycled uranium.

Significant advantages in safety could be gained through thermophysical and
mechanical properties of cermet fuel composition which is characterised by higher
thermoconductivity and plasticity, in comparison with a dioxide fuel.

From the ecological standpoint, the most important factors are radical (by 30
times) reduction in plutonium production and 10 to 50 times smaller accumulation of
minor actinides, from Am-241 and on. A significant content of U-232 in the burned-
up fuel will require developing a remote technology of manufacturing of fuel rods
from the recycled uranium. On the other hand, this being a positive factor, the
availability U-232 will hinder proliferation of fissile materials.
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Experience Of Improvement For The System Of Nuclear Material
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LP.Matveenko, G.M.Pshakin, V.F.Efimenko
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Institute of Physics and Power Engineering, Russia

Extended Synopsis

In the State Scientific Center of Russian Federation - the Institute of Physics and Power
Engineering, a rather significant program of experimental studies is carried out on the development
of advanced nuclear power reactors for various purposes and on substantiation of their safety. For
carrying out this program, the institute encompasses experimental facilities and research nuclear
reactors with various nuclear materials in use. The change of situation in the country placed exacting
demands upon the protection of nuclear materials and improvement of NM control and accounting
system.

The work on significant improvement of the previous NM control and accounting system in
the IPPE was initiated early in 90s. Later the effective improvement of the MC&A system of the
institute was performed within the frameworks of the US-Russian program on scientific and technical
problems of creating advanced systems for fissile material control and accounting ("Laboratory - to -
Laboratory Cooperative Program").

Since different technologies should be well balanced in the improved MC&A system, the
work is carried out on different directions in parallel. At present the most complete set of necessary
elements of the system in the IPPE is installed at the BFS critical facilities, which are used for the full
scale simulation of fast reactor cores. These facilities are considered here as an example.

At the facility level, the MC&A system should be designed with consideration of some
concrete particulars of the facility operation. From this point of view, the following specific features
of the BFS material balance area should be taken into account for organizing material control and
accounting:

- in the material balance area, very significant amounts of attractive nuclear materials
(plutonium metal, 36% to 90% enriched uranium, etc.) are used in two critical facilities or stored in
the facility storage;

- the used materials are almost non-irradiated and they are in the item form, the total number
of items being very large (more than 70000 items);

- in the MBA, intensive movements of rather large amounts of materials take place
periodically (during change of investigated cores) - up to several thousand items per day can change
their location within the MBA.

The MC&A system designed with the consideration of the above specific features of the
MBA includes a computerized accounting system based on a local area network, the system of
equipment for non-destructive measurements of nuclear material item characteristics, the TIDs
system, the system of personnel access and TV surveillance.

In the network of the computerized accounting system there is a server and three work
stations located in three key monitoring points and connected to the server through communication
lines. In the data base of the computerized accounting system an information is stored on location
within the MBA of every entered into the system item and on characteristics of nuclear material
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contained in this item, such as amount of nuclear material in the item, isotopic composition, total
weight of the item, etc. During movements of materials within the MBA, the movement of each item
is tracked by the system. For some of identifiers (serial numbers of containers and TIDs) an automated
collection and input of the information to the system is performed through reading bar codes. The
computerized accounting system was created with the support of the Los Alamos National Laboratory
and Oak Ridge National Laboratory of USA.

The equipment used at the BFS for measurements of nuclear material characteristics by means
of gamma- and neutron radiation analysis was partly provided by national laboratories and companies
of USA (Active Well Coincidence Counter, U-Pu InSpector for isotopic composition measurements,
etc.) and partly developed and manufactured in the IPPE (ex., IFIM - quick identifier of fissile
materials). During the Physical Inventory Taking, the set of these devices permits reliable
identification of nuclear materials, NDA measurements of nuclear material amount in items,
enrichment, «tc.

Containment and surveillance measures implemented at the BFS within the "Laboratory - to -
Laboratory Cooperative Program" include TIDs (both developed in IPPE and provided by USA
laboratories), which are applied to containers (fuel rods in a critical assembly core and canisters in
the storage), as well as a computerized TV system with a digital image processing provided by LANL
(USA). All TIDs have unique numbers and are entered into the computerized accounting system.

The BFS nuclear material handling area is a "stone sack" with the only place for entrance and
exit (an emergency exit is normally closed and sealed). In this place there are two "man-traps"
equipped with personal card monitors, radiation monitors, "hand key" monitors, weighing platforms.
Metal detectors are installed from the inner side before the "man-traps". The computerized system
of the personnel entry control collects and analyses an information both from the "man-traps" and
from other critical points of the material handling area. In addition, a computerized TV system is used
for surveillance of personnel entry through the "man-traps" and through the above critical points.
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Cekmece Nuclear Research and Training Center, Istanbul, Turkey

For two decades, Turkey has been considering the implementation of a nuclear power
programme in order to ensure a secure and ecologically non-pollutant electricity supply, and a
site was selected at Akkuyu on the Mediterranean coast. However, negotiations with different
reactor suppliers have not resulted in agreement during the last two decades, owing to
financial and political issues. Turkey is facing a rapid increase in energy demand and nuclear
power generation is under serious consideration. The energy gap predicted in recent
projections could be partly filled by nuclear power. The present plan of the Ministry of
Energy schedules the commissioning of at least 2 GWe nuclear capacity by 2010. In the
January of 1997 the ministry invited nuclear vendors to submit their offers for bidding of
total 1400 MWe NPP by the mid-1997.

Turkish Atomic Energy Authority (TAEK) is in charge of preparation of a nuclear
power programme, implementation all R&D activities on nuclear energy field as well as all
activities on nuclear regulations, licensing and radiation protection. According to the task
distribution of TAEK, our Institute (CNAEM) is in charge of pursuing all the activities in
nuclear fuel cycle. In this context, it is decided to start a comprehensive project on different
aspects of nuclear fuel technology including nuclear fuel design, experimental fuel element
fabrication, QA and on evaluation of economic aspects of necessary investments on nuclear
fuel cycle. Meanwhile, the project is being supported by IAEA for manpower development
and economic evaluation.

In this study which is a part of the above project, two types of reactors (PWR and
PHWR) that meet the safety and selection criteria will be taken into consideration. For
Turkey's case, fuel demand, availability, options and economics will be discussed according
to these reactor types.

In the world, uranium is used for military, commercial and research purposes.
Commercial uranium use is primarily determined by the fuel consumption in nuclear power
reactors. The fuel cycle typically extends over a period of between 50 and 100 years, from
mining the uranium ore to finally disposing of the high level waste. The levelised fuel cycle
cost is derived in mills/kWh terms by equating the net present value of the entire fuel cycle
cost and the net present value of the total electrical output over the station lifetime. Sales on
the world uranium market consist of two types: spot and contract. The annual average spot
price peaked in mid-1978 at $112.85 per kgU, then declined with a yearly average of $20.67
per kgU in 1992. This price range represented a historical low. Uranium production and
market prices will be dramatically affected by ending of Cold War and in the new world
order. Decisions of reducing stockpiles of highly enriched uranium (HEU) and weapons
grade plutonium will result in using HEU blended into low-enriched uranium and use of
mixed oxide fuel (MOX) in commercial reactors.

For Turkey, long term (till 2010) electrical energy utilization-generation planning
projection shows that installed power and generation capabilities should be increased by a
factor of 3 based on total installed power of 20700 MWe in 1995. For the term 1995-2010
demand projections are made by the Ministry of Energy and a production plan to meet this

95



additional demand is prepared by TEAS (Turkish Electricity Co.)- As a long term projection,
a guess is made for the term 2030. It shows that the gross electricity generation in the year
2030 will be 460 billion kWh (271 billion kWh for 2010). To provide this gross output, 12
different cases or scenarios are discussed, varying the primary source to be used. For all of
these scenarios, it is assumed that all the economical hydroelectricity potential is used (122
billion kWh/a). Seven of them contain nuclear option.

It is possible to determine the basic energy policies as a result of these discussions:
1. To use all the lignite and coal potentials (tolerating ashes and smoke).
2. To meet the additional demand by importing natural gas where domestic

resources are not enough.
3. To start a nuclear power program as soon as possible in order to reduce the

dependence on natural gas resource.
The most suitable scenario (S.5 covering total 15500 MWe nuclear power in 2030) for these
policies is as follows:

In this scenario, equal shares of nuclear energy and natural gas plants meet the
additional demand that is not supplied by hydroelectricity and lignite plants. Since fuel oil
and imported coal will not be used, 22.2 billion kWh/a capacity (3167 MWe) nuclear power
and 89.7 billion kWh/a capacity (16143 MWe) natural gas plants should be installed by the
year 2010. Thus the share of natural gas used in electricity generation will reach 33% and
18.7 billion m3/a will have to be imported. By 2030 nuclear power and natural gas plants will
reach equal capacities (108 billion kWh/a) and have equal shares in production (24%) their
respective power outputs will be 15543 MWe and 19563 MWe .

The result of these discussions show that to fill the energy gap Turkey will have to
install nuclear power plants and energy projections show that for the term 2000-2030 average
one unit of 1000 MWe capacity should be connected to the grid every two years. There are
two different strategical points of view on which power plant type would be better to begin
Turkey's nuclear program: Starting with PHWR types or PWR types. The advantages of
PHWR are less risky fuel cycle technology and the possibility to use Th/U-233 fuel without
changing the reactor design. Turkey has high thorium reserves and this advantage may mean
increased domestic technological contribution in future. The disadvantage is that the unit
capacity is less than 1000 MWe. PWR types have higher unit capacities but their
disadvantage is the complex fuel technology requiring enriched uranium, thus increasing
technological dependance on other countries. Both opinions are considered as a probability in
this study and all calculations and estimations take into account both of these opinions.
According to these considerations and projections, annual natural uranium demand of Turkey
can be estimated for the range of 2004-2030 as follows:

YEARS
tU/a

2005
180

2010
450

2015
900

2020
1300

2025
1700

2030
2200

In conclusion, Turkey's need for nuclear power is clearly seen in the above
paragraphs. It is proposed that in nuclear power introduction Turkey should provide domestic
contribution as high as possible. Uranium conversion and/or re-conversion and fuel
fabrication should be done domestically. If required, enrichment services can be supply
abroad. Direct disposal option should be chosen for the back-end. Thus, plutonium is of no
interest other than the potential effect on uranium market and enrichment prices.
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Abstract

Closing the nuclear fuel cycle

Recent studies1'2 on geologically-stored radioactive wastes revealed that Np-237 and Pa-231(a
decay daughter of U-235 and Pu-239), together with the long-lived fission products (1-129, Tc-99,
and Cs-135) are dominant contributors to long-term health hazards to future humans. Direct-
disposal of weapons-material and fissile containing spent nuclear fuel could potentially lead to
underground nuclear accidents3 if groundwater leaks into degraded containers holding such
materials. The understanding of these health and safety concerns in a direct-dispoal cycle has
resulted in a renewed interest of spent-fuel reprocessing and recycling where fissile materials and
actinides are separated for recycle, and selected long-lived radionuclides could be preferentially
treated before disposal to minimize long-term risks. Many advanced nuclear countries, Japan and
France, in particular, close their nuclear fuel cycle by including fuel-reprocessing and recycling.
The United States, concerned first about nuclear proliferation and safeguards and security of
separated fissile materials, and later on fuel-reprocessing economics, has discouraged the use of
fuel-reprocessing since the late 70s. With the end of the Cold War and the passage of the
permanent extension of the Non-Proliferation Treaty, it is suggested that the need for closing the
nuclear fuel cycle should be re-assessed. This would include the evaluation of the economics of
fuel-reprocessing, the advanced separation technology and transmutation systems, the foreign-
policy implications and influence to other countries, as well as the regional/international control
and monitoring of spent nuclear fuel and separated fissile materials.

Moving toward a sustainable global energy development

The capacity of the global environment to support human needs and the optimum utilization of
limited natural resources are important factors for a sustainable global ecology. The uneven
distribution and the exploitation of these resources have been the main causes for many historical
conflicts and irreversible environmental damage. To satisfy the increasing needs of a growing
world population without continuing the degradation of an already exploited environment and
provoking unnecessary conflict due to contest for limited resources, a sustainable energy supply
together with new material development and technological system are essential.

Nuclear energy, once deemed as a cheap, abundant and environmentally benign energy source, has
been plagued by waste-disposal problems, safeguards and proliferation concerns* safety issues, and

This work is an independent research study by the author and may not reflect the views of his affiliation.
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expensive capital costs. To overcome these barriers to global nuclear energy development, it is
proposed here a regional compact framework which would:

• Waste Disposal - provide a regional spent-fuel storage facility and waste repository located in
a host country for spent-fuel and waste generated by regional countries.

• Proliferation Resistance - establish regional nuclear material control regimes where separated
special nuclear material (SNM) is strictly controlled and assured of peaceful usage. The SNM
would be monitored by regional personnel, and supplemented by IAEA's safeguards and
security program.

• Nuclear Safety - implement a safety culture and regulate regional nuclear power stations with
internationally accepted safety standards and requirements.

• Economic Cooperation - promote regional economic cooperation with reliable, economical
and environmentally-sound nuclear energy supply.

A sustainable global ecology could be constructed on a strong nuclear energy foundation built
around the regional-compact framework where radioactive-wastes are managed, nuclear-
proliferation is resisted, nuclear facilities are safely operated, and regional economic cooperation is
promoted.

Reference:

1. T.H. Pigford, T h e Yucca Mountain Standard: Proposals for Leniency," Proceedings of the materials Research Society: V.
Scientific Basis for Nuclear Waste Management, Nov.. 1995.

2. R. W. Andrews, eL aL, "Total System Performance Assessment - An Evaluation of the Potential Yucca Mountain Repository,"
Intera. Inc., Las Vegas, Neveda, 1994.

3. C. D. Bowman and F. Venneri, "Autocatalytic Criticality from Plutonium and Other Fissile Material." Report LA-UR-94-4022.
Los Alamos National Laboratory, 1995.
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World electricity generation is projected to increase at an average annual growth in
excess of 2%. At issue is the availability of the requisite energy resources. Nuclear
power must contribute even more than the currently expected fraction of electricity in
the near term to avoid the deleterious environmental effects of fossil-fuel electricity.
Only the nuclear energy resource using depleted uranium is available in the long term.

A large energy potential can be realized from depleted uranium through utilization of
fast reactors (LMR) with fuel recycling. For comparison, the world energy potentials of
the advanced LMR/Fuel Recycle system, LWR/Once-Through Fuel Cycle, and fossil
fuel resources are given in Fig. 1 [1,2,3]. Using LMRs vs. LWRs would result in -125
times more energy sufficiency. The coal, oil, and gas resources can provide,
respectively, only 19.1,6.9, and 3.9 times more energy compared to LWRs. The life
span of these resources can be inferred by considering that primary energy use in the
world in 2015 is estimated to be 18.1 TWy [1].

Although geologic disposal is required for unrecyclable waste from nuclear operations,
an alternate approach must be implemented for energy-valuable, proliferation-prone
spent fuel. Processing spent fuel and recycling uranium and plutonium in mixed-oxide
fuel in LWRs is an insufficient improvement. An orders-of-magnitude actinide
reduction in the unrecyclable waste, as can be achieved by using advanced LMR/Fuel
Recycle systems, is required to eliminate proliferation potential.

Ethical considerations of geologic disposal provide guidelines for nuclear waste and
spent fuel. The same guidelines apply to nonproliferation: The distinction must be
made between recyclable radioactive waste and non-recyclable waste, and the latter
minimized. Future populations must not be committed to continued expenditures for
population protection. Interdependencies among all steps in radioactive waste
generation and management must be appropriately addressed. The LWR/Once-Through
Fuel Cycle violates these guidelines as applied either to geologic disposal or
nonproliferation.

Replacing LWRs with LMRs provides an advanced nuclear power sector that is safe,
environmentally sound, and proliferation resistant. More importantly, LMR operation
could be sustained for centuries on depleted uranium. Startup fissile material would be
derived from LWR spent fuel [4]. Exclusive use of advanced LMR/Fuel Recycle
systems has numerous advantages over LWRs: (1) fissions all actinides, (2) transmutes
long-lived fission products to shorter half-life isotopes, (3) enhances thermal efficiency
and safety by using sodium coolant, (4) allows simpler remote metallic fuel fabrication,
(5) requires only addition of uranium-238 as "fuel", and (6) does not require mining and
enrichment of uranium. Initial safety reviews conclude that the modular LMR design is
passively safe and recent detailed cost analyses indicate that the cost of power from
improved LMR designs can be the same or lower than from LWRs [5].
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Figure 1. World fixed energy resources (TWy).

The advanced LMR/Fuel Recycle system is based on relatively inexpensive pyro-
metallurgical processing utilizing solvent electrorefining. This process is inherently
proliferation resistant. At no time does pure, separated, plutonium exist. The presence
of the minor actinides in the plutonium makes it unusable directly for a nuclear
explosive, as the contained actinides produce heat and radiation and preclude, or greatly
impede, the construction of an explosive device. Some fission products remain with the
plutonium and provide a significant radiation barrier. Fuel would be recycled adjacent
to the LMRs, thus avoiding the need for public transportation. Accountability of all the
plutonium in collocated reactor and fuel facilities would be maintained under IAEA
safeguards. Nonproliferation is best served by transparent management of plutonium in
an on-going power producing operation. All countries should favor this type of nuclear
fuel management whether or not they utilize nuclear power.

Exclusive use of advanced LMR/Fuel Recycle systems provides the means for
achieving sustainable nuclear electric power for a world with a growing demand for
electricity. The systematic retirement of LWRs as they complete their design life and
their replacement with advanced LMR/Fuel Recycle systems is an appropriate
evolutionary advancement in electric power generation.
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The goal of any repository system designed for the permanent disposal of long-lived
radioactive wastes is to maximize the time the hazardous materials are contained within the
engineered facility and to assure the ultimate releases of these radionuclides to the biosphere
are sufficiently delayed and dispersed by processes occurring within the engineered and
natural barriers that they pose minimal risks to the individuals that may be exposed to any
releases far into the future. The assessment of long-term post-closure individual or group risk
associated with the disposal of radioactive wastes has been termed performance assessment.
The goal of performance assessment is to reasonably assess the behavior of the different
processes as they impact the containment and isolation of the waste from the biosphere. In
addition, the performance assessment analyses aim to evaluate the uncertainty in the
prediction of waste containment and isolation as well as the risks associated with waste
isolation caused by the uncertainty in the individual component process models and
parameters.

Total system performance assessments bring together all relevant components of the
waste containment and isolation system that potentially affect the release of radionuclides to
the accessible environment and the corresponding concentration and dose associated with the
release. The individual components of the analyses are indicated on the schematic flow
diagram illustrated in Figure 1. Each of the bubbles of the influence diagram corresponds to a
process-level model which in turn is based on direct laboratory or field data that have been
synthesized using either empirical relationships or a numerical relationship describing the
process of interest. The numbered components correspond to key elements of the U.S.
Department of Energy's Waste Containment and Isolation Strategy (DOE, 1996): (1) low
ambient seepage flux and correspondingly low liquid saturations and humidities in the
emplacement drifts, (2) robust, long-lived waste packages designed to maximize the
containment time in the unsaturated environment, (3) slow release of radionuclides from the
spent fuel waste form due to the low water content and degradation characteristics of the
Zircaloy cladding, (4) slow/dispersed migration of radionuclides through the engineered
barriers due to the diffusive characteristics of these barriers, and (5) slow/dispersed/diluted
migration of radionuclides through the natural barrier.

The U.S. Department of Energy is currently investigating the feasibility of
permanently disposing the nation's commercial high-level radioactive wastes (in the form of
spent fuel from the over 100 electric power-generating nuclear reactors across the U.S.) and a
portion of the defense high-level radioactive wastes (currently stored at federal facilities
around the country) in the unsaturated tuffaceous rocks at Yucca Mountain, Nevada.
Quantitative performance assessments based on the most current understanding of the
processes and parameters potentially affecting the long-term behavior of the disposal system
are used to assess the ability of the site and its associated engineered designs to meet
regulatory objectives set forward by the U.S. Nuclear Regulatory Commission and the U.S.
Environmental Protection Agency.

The most recently completed analyses of post-closure performance for the potential
Yucca Mountain site are documented in CRWMS M&O (1995). Although detailed
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descriptions of the approach, assumptions, results and conclusions are contained in this
reference, a representative depiction of the results illustrating some sensitivity analyses are
illustrated in Figure 1.
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Data Prioritization and Safety Compliance of Geological Repositories

Mick Apted and Matt Kozak
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Permanent disposal of nuclear waste in repositories located in geological formations is being
studied worldwide. The most credible release pathway for radionuclides is interaction between
nuclear-waste forms and groundwater, followed by hydrologic transport to the accessible
environment. The primary components of repositories that mitigate release are the near-field and
the far-field subsystems. The near-field encompasses the engineered barriers (e.g., man-made
materials, such as che waste package composed of the nuclear waste form, a corrosion-resistant
canister, and a compacted-clay or concrete backfill) and part of the immediately surrounding
rock that is significantly affected by the presence of the repository. The far-field consists of the
undisturbed natural barriers (e.g., host rock and hydrologic setting). Taken together, these two
sub-systems define a series of multiple barriers that act to assure the safe isolation of nuclear waste.

The engineered barrier system (EBS) provides certain advantages in achieving high confidence and
reliability in nuclear waste isolation, notably uniformity of barrier properties, testability of barriers,
and design flexibility to modify the dimensions or properties of barriers. There are two
fundamental design strategies for the EBS. The first is to attempt to contain the waste for as long
as necessary to prevent unsafe release to the environment. For example, after 1,000 years of
containment, the initial inventories of short-lived nuclides (e.g., 9°Sr, '37Cs) are effectively
eliminated in high-level waste. For many high-dose consequence nuclides (e.g., 79Se, ^9Tc, l^l,
!35Cs, 23?Np), however, containment times on the order of 10& years or more are require to
significantly reduce their initial inventories. The distributiori of container failures is of far greater
importance to the safety of geological repositories than is mean container lifetime.

The second approach is a controlled release and dispersal of the nuclear waste within the
environment through reliance on well-characterized engineered materials and well-understood
natural processes. Effective mobilization and dispersal cause the concentrations of xhe nuclear
waste to be reduced to levels that present no significant hazard.

Sensitivity calculations using mass-transfer models provide a basis to evaluate the relative
importance of near-field processes and barrier properties that affect the long-term safety of
geological disposal of nuclear waste. Such "source-term" models, when combined With, parameter
and conceptual model uncertainty, can be used to prioritize and guide subsequent design
optimization and data collection.

As an illustration of this approach, multiple source-term calculations are made on a Reference
Case HLW repository to evaluate the relative impacts on performance arising from cumulative
changes in far-field flow and near-field parameters:

Case A: Initial impacts from a magmatic intrusion are assumed to be restricted solely to the
far-field flow characteristics. Case A includes a 10-fold increase in flow velocity, a
10-fold decrease in depth of matrix diffusion along fracture surfaces, a 10-fold
reduction in flow-wetted surface area of fractures, and a 10-fold decrease in the
bulk porosity of the rock compared to the Reference Case.
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Case B: Far-field impacts of Case A are combined with reduction in thickness of a low-
permeability, diffusion-transport buffer from 1 meter to 0.3 meters due to
alteration/ erosion.

Case C: The changes in the far field and buffer thickness (Case B) are combined with an
100-fold increase in the dissolution rate of the HLW waste form.

Case D: All of the above changes in the far field, buffer, and dissolution rate (Case C) are
combined with a general increase in radioelement solubilities caused by intrusion of
groundwater of different compositions.

The postulated degradation of the engineered barriers show relatively greater adverse impacts on
overall repository performance than do the postulated changes in far-field conditions (Figure 1).
In particular, the degradation of the buffer thickness results in a 100-fold increase in calculated
dose rate for up to 106 years. Note that assumption of different magnitude and direction in
changes of far-field and near-field properties, or the assumption of additional impacts (e.g.,
sealing of fractures, formation of two-phase flow conditions, changes in solubility-limiting phases)
could led to somewhat different relative impacts on repository performance. Furthermore, each
Case assumes time-invariant repository conditions and instantaneous changes in barrier properties;
scenarios by definition imply an evolution in repository conditions and barrier properties over both
time and space. Future comprehensive analyses will require more flexible and capable source-term
codes to incorporate such variability.

Reference
-Case A
-Case B

Case C
-Case D-l
-Case D-2

10

Time After Repository Closure [yrs]

Figure 1. Source-term Model Comparison of Calculational Cases to Reference Case.
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Research and Development - The Driving
Force Behind the Next Generation of
Nuclear Fuel Cycles

Dr Bob Page
Head of Fuel & Front End Technology , BNFL

Nuclear Power currently provides a significant proportion of the worlds primary energy
generation and offers the potential to provide a safe, secure and economic alternative for many
centuries to come. Nuclear power is, however, only one of a growing range of alternative
energy sources and, for nuclear energy to stay competitive and increase its share of the global
energy market, it must continue to develop and enhance its performance in the key areas of:

» utilisation of natural resources,

• fuel cyde economics;

• safety,

• environmental impact and waste management,

• non-proliferation.

In addition to the development of reactors, enhancements to nuclear fuel design and
improvements to fuel cycle plant and processes wilt play a major role in ensuring that:

• nuclear power increases market share;

• recycle is accepted in an economic and safe means of maximising the benefits for mined
uranium.

BNFL, as a supplier of fuel cycle services, has embarked on « wide range of research and
development programmes aimed at developing safe and cost effective solutions to the
challenges and opportunities that will arise as we move into the 21st century. The work covers
afl aspects of the nuclear fuel cycle from uranium conversion through fuel design and assembly,
spent fuel storage, reprocessing and MOX recycle to waste management and disposal.

The development of new nuclear fuel cycle facilities is a long and very costly activity for which
BNFL receives no financial support from Government. Therefore, in order to gam maximum
benefit for its RicD investment, BNFL has recently consolidated iu research and technology
base into a single organisation. BNFL is employing 3rd generation R&D evaluation techniques
and a structural innovation process to ensure that the development portfolio is properly
balanced between long and short term objectives and delivers new technical solutions quickly
and cost effectively International collaborations and investment of the underpinning science
base are also key components aimed at employing world best practices to the development of
nuclear fuel cycle services.

The paper describes how R&D is now managed by BNFL and how this has been applied to
redirect and focus BNFLs development programmes that wiQ deliver the next generation of
fuel cycle services and products.
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INTERNATIONAL SAFEGUARDS APPLIED TO THORP.

Authors:-

Brian Burrows, International Safeguards, BNFL Risley, United Kingdom
Martyn Evans, Thorp Division, BNFL Sellafield, United Kingdom

Extended Synopsis for poster:-

This poster session consists of a multi media presentation using a Phillips CDI
(compact disc interactive) system prepared in 1996. It is not accompanied by any
written text; interested readers will be referred by the accompanying 'presenter' to
conference papers which described in more detail the safeguards approach in the
BNFL plutonium handling plants (such as Thorp) at Sellafield.

The Thermal Oxide Reprocessing Plant (Thorp) is situated on the Sellafield Site in
the north-west of England. The plant, which is capable of reprocessing 1200 tU per
annum, is in the final stages of commissioning using real feedstock. A sister plant,
the Sellafield Mixed Oxide Fuels Plant (SMP) is being constructed alongside Thorp
and this will take BNFL's recycling capabilities from demonstration scale to full
production capability. All these plants are safeguarded by the European Safeguards
Directorate, Euratom and under the UK voluntary offer are open toIAEA designation
and verification. The IAEA currently safeguard some spent fuel and plutonium
dioxide stores at Sellafield.

This multi media presentation allows the 'reader' to interact with the software as it
describes how Nuclear Materials Accountancy and Safeguards are mapped onto the
Thorp process. Details are given of key measurement points which have been
incorporated in the Thorp design so that Nuclear Materials Accountancy is integrated
with plant operation. The presentation takes the form of a linear video and an
interactive compact disk and is used by BNFL for induction and public information
purposes.
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Reprocessing: A Proven Spent Fuel Management Strategy

R Dodds, M J Dunn and I R Topliss

British Nuclear Fuels pic, Risley, Warrington, UK

There are currently two routes open to nuclear power plant operators for the management of
spent nuclear fuel. The first is reprocessing and recycle, and the second is direct disposal
following some form of storage and treatment. Storage of fuel by itself is not a separate
option, it is only an interim stage in one or other of the two fuel management routes.

When one considers that the available reprocessing capacity world-wide will not be greater
than 5000 tonnes per annum over the next decade or so, and that by the year 2010 stocks of
irradiated fuel will be around 200,000 tonnes, it is clear that substantial quantities of fuel will
be in long term storage pending either direct disposal or reprocessing.

The main considerations utilities take into account in making the decision to reprocess are
• economic factors
• environmental issues and waste management
• strategic considerations
• political and regulatory issues
• safeguards and proliferation concerns

The economics of nuclear power are characterised by large capital costs and relatively small
fuel cycle costs (15% - 20% of the total generating costs are fuel cycle costs). Of the fuel
cycle costs only some 15% - 30% relate to the back-end of the fuel cycle. The cost difference
between the spent fuel management options is even smaller in terms of overall generating cost
with some countries and utilities seeing reprocessing and recycle as the more economic option
and others seeing direct disposal as more economic. This was also the conclusion of a study of
fuel cycle economics by the OECD/NEA in 1994 [1].

Turning to environmental impact, there is a widespread misconception that reprocessing
results in a greater volume of radioactive waste being produced compared with direct disposal.
In fact, by far the greatest volume of waste arising on account of the nuclear fuel cycle is that
associated with the mining and milling of uranium ore. By recycling the uranium and
plutonium recovered via reprocessing it is possible to reduce the requirement for the
processing of uranium ore and hence reduce the overall volumes of radioactive waste
produced. The volumes of waste requiring deep geological disposal from both options are
broadly similar, however reprocessing and recycle results in significantly lower volumes of
high level waste for disposal.

Most reactor operators around the world are under increasing pressure from the anti-nuclear
lobby whose main focus of attack is the closure of back-end options (seen as the most
vulnerable point). If no options exist for dealing with spent fuel it is impossible to operate
reactors. Hence, it is easy to see that utilities with only one option available to them, whether
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it be reprocessing or long-term storage, are more vulnerable than those who have both open to
them. If no fuel is sent for reprocessing, then this service will no longer be available on a
world market. If at some stage in the future it should then be required, if for instance the direct
disposal option is also closed, reprocessing would not be available in the short term due to the
long lead times associated with the construction of such facilities.

The technologies involved in reprocessing and recycle of spent fuel have been demonstrated
over a number of years and commercial facilities operating today do so under an appropriate
regulatory framework which has ensured safe operation. In addition, experience has been
gained in the techniques which have allowed large civil reprocessing plants to be safeguarded
effectively. Indeed, the IAEA concluded in their LASCAR forum that the techniques are
available to enable the successful implementation of effective safeguards and existing
reprocessing plants, such as those in the UK and France, operate fully under such safeguards.

In summary, reprocessing and recycle, as a proven and commercial scale technology, can be
used to allow utilities to minimise the financial risk of closure of their stations arising from
spent fuel management constraints whilst offering environmental and strategic advantages.
Existing reprocessing plants, such as those in the UK and France, have operated safely under
effective safeguards for over 30 years. With the reprocessing facilities which are in operation
today it is obviously not possible to deal with all the world's spent fuel, but those utilities
which choose this route as part of the a balanced spent fuel management strategy have
effectively addressed the very real risk of having to close down their reactors due to
constraints on the back end of the fuel cycle.
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Introduction

The development of MOX technology started as long ago as 1959 and during the past 25 years, BNFL,
Cogema, Belgonucleaire, and Siemens have built large scale fabrication plants to support the civil
MOX utilisation programmes. The technology incorporated in these plants is based around the
different fuel fabrication flowsheets developed by the European recycle companies. This paper
describes the technology incorporated into BNFL's new Sellafield MOX Plant and explains how
BNFL's technology could be used to support the provision of a MOX fabrication facility for the sole
purpose of fabricating MOX fuel using ex-military plutonium.

BNFL's MOX Fabrication Process

BNFL's MOX production started in the early 1960's and progressed throughout the 1970s and 1980's
with the production of more than 95,000 MOX fuel rods that were irradiated in the Prototype Fast
Reactor (PFR) located at Dounreay in Scotland. In the mid 1980's BNFL started the development of a
new fabrication process for MOX fuel that was focused on a dry granulation process and the
production of very homogenous fuel. This development work resulted in the process known as the
Short Binderless Route (SBR) that is now the basis for the process used in all of BNFL's MOX fuel
production plants.

The Short Binderless Route is based on a high-energy attritor mill which comminutes and blends the
UO2 and PuO2 feed powders and small quantities of lubricant and pore-former into a homogeneous
mixture before feeding the finely blended powder to a spheroidiser for conditioning to form feed for
the pelleting press. The UO2 and PuO2 powders are weighed in the correct proportions to produce fuel
of the correct enrichment and then loaded into the steel attritor mill where they are coverted into
homogenous MOX powder. As a result of the high comminution energy, the milling stage is rapid
compared to that in a conventional tumbling roller mill, and it takes only a few minutes to process
batches of highly homogenous MOX powder.

In BNFL's large scale (120Te/yr) Sellafield MOX Plant (SMP) 50kg lots of MOX powder will be
processed through the attritor mill and three lots will be blended to form a 150kg MOX powder batch
of consistent isotopic composition. The blended material is then processed in 50kg lots through a
conditioning attritor mill before it is passed into the spheroidiser for converting the powder into a
granular feed. The spheroidiser consists of a vertical disc shaped chamber with a rotating blade. The
powder is tumbled between the blade and the outside wall and the finely divided powder is converted
into a granular form.

The technology incorporated in SMP is focused around the need to produce top quality fuel in a
reliable and safe operating environment. The need to minimise operator radiation dose uptake to
comply with the most stringent criteria to meet modern standards has resulted in the provision of a
plant incorporating leading edge automated technology in all areas. This technology coupled with that
developed by BNFL for the packaging of plutonium contaminated materials, safeguarding and
accounting of fuel can be used to support the provision of a plant for producing MOX from ex-military
plutonium.
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Technology to support the production of MOX from ex-militarv plutonium

The fabrication of MOX fuel using plutonium dioxide that has been separated from dismantled nuclear
weapons requires special attention to be given to the following features:

• Critical ity control
• Radiation dose uptake to the operator
• Safeguards and Nuclear Material Accounting
• Treatment of plutonium containing residues
• Transport of PuO2 to the MOX plant
• Transport of MOX assemblies from the plant to the utility site

The equipment developed by BNFL for .the Short Binderless Route has the following advantages:
• The volume of the mill, blender and spheroidiser are low and consequently easy to make

safe by design for criticality safety.
• The process permits low hold up of nuclear material and consequently the stringent

Nuclear Material Accountancy requirements set by the regulator can be met and
Safeguarding of the material becomes less problematic.

• The process is completely enclosed with all the pieces of equipment being mechanically
joined so as to minimise the generation of dust within the containment thus reducing
radiation dose uptake.

• The equipment is robust and reliable and requires minimal maintenance; this helps
minimise radiation dose uptake to maintenance engineers.

To support the operation of their Nuclear Plants, BNFL have developed technology to ensure that
material is properly safeguarded whilst it is in their possession. Sophisticated Instrumentation in the
form of Calorimetry, Neutron Coincidence Counting and High Resolution Gamma Spectrometry is
available to track the processing of plutonium from its entry into the plant, through the full MOX
production process up to and including storage of finished MOX assemblies in a secure store where
they are retained pending shipment to the customer. Similar instrumentation is also available to
support monitoring and verification during transportation and when loading and discharging the fuel to
and from the reactor.

The Sellafield MOX plant is designed to produce highly homogenous MOX powder using the SBR
process. The plant incorporates the capability to recycle any materials that are not immediately useable
for fuel production such as residues arising from processing, material removed from the pellet surface
during grinding and pellets rejected at the rigorous pellet inspection station. Although the technology
incorporated into the design will enable most of the material to be recycled through the process it is
recognised that a small quantity of material that is unsuitable for recycle may be generated. Materials
that are categorised as unsuitable for recycle, "residues", will be removed from the process and stored
pending reprocessing at Sellafield.

The acceptance of the MOX option in the US for disposition of ex-military material is dependent on it
not being linked to the recycle policy and consequently if a MOX plant was built in the US a route
must be available for treating "residue" material. It is believed that the technology developed by
BNFL for the safe storage of residues from their MOX plant and of PuO2 generated during
reprocessing could be used to store "residue" arisings from a plant built to produce MOX fuels from
ex-military plutonium. The BNFL technology which is focused around the containment of plutonium
in a seal welded triple pack is already in use at Sellafield in the Thorp facility and will be available in
the SMP.
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ESTIMATION OF URANIUM AND FUEL CYCLE SERVICE REQUIREMENTS
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A new model for the estimation of uranium and fuel cycle service requirements has
been developed by the IAEA. The model has been designed to simplify the calculations of
nuclear fuel cycle requirements and actinide generation and to serve as a base layer for a
nuclear fuel cycle simulation system.

There are a number of models and computer tools available for calculating uranium
and fuel cycle service requirements. These models are based on sophisticated databases that
include information on each nuclear power reactor in the world. Such databases are useful for
the history and short-term nuclear power future, but it is very difficult to build such databases
with a view toward the far future. The incentive for the development of the new model was to
simplify long-term estimations.

The main assumption in the model is that it is possible to simulate the nuclear fuel
cycle by taking into account the evolution of using different types of reactors during the years,
without the precision of using reactor by reactor database. The reactor types taken into
consideration are PWR, BWR, PHWR, AGR, GCR, RBMK, WWER-440 and WWER-1000.
By using this new way of nuclear fuel cycle modeling we could incorporate into the model,
with the assistance of Cogema, an additional layer for the investigation of the impact of
reprocessing and recycling of light water reactors spent fuel on fuel cycle features.

The input parameters are divided into three groups:

• Strategy parameters - nuclear capacity variants and reprocessing-recycling strategy,
reactor mixture and load factors, all on an annual basis,

• Fuel parameters - average discharge bumup, average initial enrichment and average tails
assay on an annual basis,

• Control parameters - share of mixed-oxide fuel in the core of reactors using this type of
fuel, lead and lag times for different processes and the number of spent fuel reprocessing
cycles,

The results are divided into the following groups:

• Natural uranium and enrichment service requirements
• Fresh fuel requirements and spent fuel arising
• Total plutonium arising
• Reprocessing and mixed-oxide fuel fabrication service requirements

All results are calculated on an annual basis, and some are presented on a cumulative basis.
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The simulation system has been used for the evaluation of the world needs of fuel cycle
material and services associated with several nuclear energy programs and spent fuel policies
up to 2050. Three nuclear variants are considered:

• the high variant, based on the high IAEA/NEA projections up to 2010 and the A3 case of
IIASA/WEC from 2020 to 2050, corresponds to high economic growth, limited impact of
environmental concerns on energy policies and significant development of nuclear power,

• the medium variant, based on the high IAEA/NEA projections up to 2010 and the C2 case
of IIASA/WEC from 2020 to 2050, corresponds to medium economic growth,
ecologically driven energy policies and sustained development of all renewable energy
sources and nuclear power world-wide including in developing countries,

• the low variant, based on the low IAEA/NEA projections up to 2010 and the Cl case of
IIASA/WEC from 2020 to 2050, corresponds to medium economic growth, ecologically
driven energy policies and progressive phase-out of nuclear power world-wide for policy
reasons.

Using the reactor mixture and load factors, which describe the evolution of using different
types of reactors in the world, in combination with the world nuclear capacity variants, allows
us to calculate the capacity share of different reactor types in the world nuclear capacity. It
has been assumed that after 2000 load factors will be identical worldwide and for all reactor
types; they will grow from 70% in 2000 and 2005 to 75% in 2010 and 80% in 2020. The
reactor mixture up to 1995 is the actual one (IAEA/PRIS database). After 2010, only three
reactor types are considered: PWR (including WWER), BWR and PHWR. After adding
average discharge burnup and average initial enrichment information (IAEA/CYBA
database), describing the evolution in fuel design for all reactor types, the equilibrium core
load for each type of reactor in each year has been calculated. Taking into account that fuel is
replaced in different types of reactors in different proportions, the fresh fuel requirements for
each reactor type were calculated.

The strategy with recycling in thermal reactors involves recycling of the plutonium
contained in spent fuel arising from light water reactors only. It has been assumed that spent
fuel is recycled twice. Three strategies of reprocessing and recycling are considered:

• in the once-through strategy it is assumed that there will be no recycling of light water
reactors spent fuel after 2010,

• in the realistic recycling strategy it is assumed that up to 50% of light water reactors spent
fuel is reprocessed and recycled in light water reactors using mixed-oxide fuel and that
30% of the core of mixed-oxide fuel light water reactors is constituted by that fuel,

• in the theoretical recycling strategy it is assumed that up to 100% of light water reactors
spent fuel is reprocessed and recycled in light water reactors using mixed-oxide fuel.

After selecting the appropriate reprocessing-recycling strategy, the amount of spent fuel
going to reprocessing is calculated. The remaining fuel is the final spent fuel arising. The
amount of plutonium available from the reprocessed spent fuel is calculated, as well as the
amount of fabricated mixed-oxide fuel and finally the total required natural uranium,
enrichment requirements and natural uranium savings.

The system has been used to estimate world uranium and fuel cycle service requirements
up to 2050. Additional work is required to establish country profiles, which will enable to
estimate those for each country or region.
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SOME GLOBAL ASPECTS REGARDING NUCLEAR SPENT FUEL

MANAGEMENT

N. Andreescu
Institute for Nuclear Research, Pitesti, Romania

EXTENDED SYNOPSIS

The spent fuel management is influenced by the global aspects existing in the field of
nuclear power and presents some specific tendencies of globalization which have their own
importance. In fact, the management of nuclear spent fuel is greatly dependent of the nuclear
power development. If the growth of installed capacities of nuclear power plants will be
significant, then all the main activities forming the back-end of the fuel cycle will be stimulated.

The main global aspects characterising at present the nuclear power development are the
following:

- slow growth of the total installed nuclear capacity;
- difficulties of obtaining public acceptance;
- lowest perturbation on health and environment;
- comparable costs;
- extended use of LWRs and of fuels based on UO2 pellets;
- development of advanced reactor technology with improved technical and safety

performance;
- adoption of the Convention on Nuclear Safety;
- development of intensive common efforts for upgrading the safety of some nuclear

power plants (VVER, RBMK, etc.);
- setting up of similar authorities in different states (national agencies, regulatory bodies,

departments for waste management, etc.).
A discussion about the impact of these aspects on the nuclear power development is

presented. It is outlined that a prolongation of the slow growth of the NPP production capacity
caused by the encountered difficulties for obtaining public acceptance could be very harmfully
because the general development will be restricted, the environment will be seriously affected
and the nuclear resources related to qualified personnel and regarding industrial capability will be
drastically reduced. Some other reasons of stagnation as reduced electricity demand growth rates
in industrialised countries, retardation of previously planned nuclear programmes in countries in
transition and lack of adequate infrastructure and funding in developing countries, are more or
less of regional interest. In order to limit the duration of the stagnation, appropriate policy
measures could be taken, namely actions for the right orientation of the public opinion,
establishment of adequate funding mechanisms and promotion of specific forms for international
co-operation. It is underlined that correct public perception of what means nuclear energy
represents a mentality change of the public, therefore it is performed slowly, step by step during
10-15 years, and it needs to be sustained continuously for some time.
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The other mentioned global aspects have a positive influence on the nuclear power
development and some adequate actions enhancing this influence, are described.

As global aspects observed in connection with the spent fuel management it is important
to mention the following :

- at reactor under water temporary storage;
- interim storage performed mostly under water, in the past (93%) and tendency to be

done as dry storage using multipurpose canisters, in the future;
- transportation rules, generally accepted, based on IAEA regulations;
- reprocessing as industrial activity based on Purex process and conditioning by

vitrification of resulted HLW ;
- plutonium recycle in thermal reactors based on MOX fuels;
- geological disposal of HLW and/or spent fuel;
- preparation of the Convention on the Safety of Radioactive Waste Management.
The global aspects outlined in different stages of the back-end activity contribute towards

an uniform consideration of the spent fuel management, facilitate standardization of procedures,
components and equipment, simplify the interface between phases and promote the international
co-operation. Also, the global aspects make possible to forward substantial improvements of
technical solutions and to introduce new global features as, for example, acceptance of regional
repositories. The successful industrial achievement of the geological repository will produce a
positive impact on the public opinion which is a very important global factor, influencing the
nuclear power development.

Based on these considerations, a general analysis related to the possible evolution of
nuclear power and particularly regarding the management of spent fuel, was made and were
outlined two scenarios, high and low, limiting the probable range of development, together with
the principal associated consequences, hi case of low scenario the evolution of human society
will be greatly impeded. Therefore it is necessary to elaborate suitable actions which have to be
put into practice, at global level, in order to determine a development of nuclear power as close
as possible of high scenario.

These concerted actions have to be stimulated and co-ordinated by an international body
with specific tasks related to co-operation in research and development and regarding co-
operation in industrial and financial activities. This international body need to be strongly
sustained by governments and by industrial companies and financial groups.

Having in view that some directions of action imply high competence in nuclear safety,
safeguards, health and environmental protection, cost evaluation, standardization, development
of advanced technology, matters that are very well represented by IAEA activity, it appears
logically that the co-ordinating body must be constituted also hi the IAEA framework.
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APPROACHES TO IMMOBILIZATION

OF PLUTONIUM-CONTAINING WASTES

Krylova N.V., Matyunin Yu.L, PolyakovA.S., Smelova T.V., Zakharkin B.S.

State Scientific Center RF VNIINM
All-Russia A. A. Bochvar Scientific Research Institute of Inorganic Materials

Moscow, Russia

In connection with considerable reduction of military programs and

discarding of a large number of nuclear charges the problem has been put on

the agenda of safe methods of handling of released weapons plutonium.

In the course of implementation of the Russian concept of a closed nuclear

cycle using surplus weapons plutonium as the source of fuel for nuclear power

stations one should take into account the issue of handling radioactive waste

from reprocessing of plutonium-containing materials and articles that are not

subject to reprocessing but rather require direct, ecologically safe

immobilization and disposal.

In Russia, the problem of disposal of radioactive waste formed in the course

of nuclear fuel reprocessing is resolved through incorporation of radioactive

wastes into solid, fixed forms reducing to minimum the possibility of

radionuclides delocalization from them, as well as through interim controlled

storage at the specially designed storage site and final burial into geologic

formations.

The basic directions of works in field of immobilization of radioactive wastes,

basic criteria for development of temporary storehouses and conceptual

approach to final burial into geologic formations are briefly presented.
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Russian - German Cooperation on Basic Design of a Pilot Facility for

the Production of MOX-Fuel from Weapon-Derived Plutonium and Use of

the Fuel in Nuclear Power Reactors

W.Thomas (GRS, Germany), G.Brahler (SIEMENS, Germany),

E.Kudriavtsev (MINATOM, Russian Federation)

The consortium Gesellshaft fuer Anlagen and Reaktorsicherheit (GRS) mbH and
Siemens Company in cooperation with the Ministry for Atomic Energy of the Russian
Federation (MINATOM) has performed a project "Basic design of a pilot facility for the
production of uranium-plutonium fuel from weapons-grade plutonium and for the use of
this fuel in nuclear power reactors". This work was based on a contract with the German
Ministry for Foreign Affairs. The results of this joint project running from May 1, 1995
till Dec. 31, 1996 are laid down in the final report.

Between the German and the Russian side a largely harmonised concept has been
developed for the technical basic design and the safety features of a pilot facility for
production of uranium-plutonium mixed oxide (MOX) fuel assemblies.

The feed materials for MOX fuel production are uranium dioxide and weapons-
grade plutonium as dioxide free from additives. German technology and equipment shall
be used for the fabrication of MOX fuel rods from uranium dioxide and plutonium
dioxide. German equipment is foreseen for assembling MOX fuel for WWER-1000
reactors, Russian equipment will be used for MOX fuel elements for the fast neutron
BN-600.

The throughput of the pilot plant is It/year of weapons-grade plutonium
corresponding to 40 fuel assemblies for WWER-1000 and 40 fuel assemblies for the
BN-600.

The principal suitability of Russian thermal reactors of WWER-1000 type and of
fast reactors of BN-600/BN-800 types has been confirmed by the analysis performed for
the use of MOX fuel elements with weapon-grade plutonium for energy generation. The
neutronic behaviour and safety aspects have been considered especially for Russian
thermal and fast reactors. Test models have been defined for comparison of design
methods for nuclear reactors with the use of MOX fuel.
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The amount of Russian W-Pu available will correspond to further progress of the
nuclear disarmament process. Within the framework of this project the experts take
approximately 50 MT of plutonium as a basis for their analyses.

The results of benchmark calculations for MOX test models in thermal and fast
reactors show good agreement of German and Russian methods. In addition to thermal
reactors of WWER-1000 type the use of MOX fuel seems to be attractive for the planned
WWER-640 reactor providing advantages of full MOX core using weapons-grade
plutonium. A reconstruction of the fast reactor BN-600 for MOX fuel seems principally
feasible, but requires considerable effort. Provisionally a modification and realisation of
the projected BN-800 type reactors would be advantageous.

The cost of the projected pilot MOX fuel fabrication facility has been assessed on
the basis of planned design. The projected cost of manufactured MOX fuel assemblies
has been determined. A cost of 190 million DM has been found for the building and
process equipment including its mounting. For a WWER-1000 fuel assembly the cost
estimate is 2800 DM/kg heavy metall or 1,3 million DM/fuel assembly. The cost for a
BN-600 fuel assembly with lower MOX mass amounts to 0,24 million DM. In comparison
to uranium dioxide fuel MOX fuel cost for WWER-1000, is higher by about 30 percent
under the conditions considered. A substantial cost reduction for MOX fuel assemblies is
expected for facility with higher throughputs.
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TECHNOLOGICAL ASPECTS OF PLUTONIUM UTILIZATION

MJ.Solonin, F.&Reshetnikov, Yu.K.Bibilashvili, S.AAntipov, V.A.Astafiev,
B.S.Zakharkin, LJMLBorisov

State Research Center R-F. Institute of Inorganic Materials
Moscow, Russia

The closed nuclear fuel cycle concept adopted in Russia also predetermines
the attitude towards plutonium that may rather efficiently be used as nuclear fuel.
MOX fuel as used in fast reactors allows the coefficient of natural uranium usage
bs increased by times and plutoniuxn to be bred in a quantity that is in excess of its
reactor load. This fact governed the directions of our investigations for quite a
long period of time. The implemented complex work including commercial reactor
tests of the MOX fuel has lead to a decision to build four BN-800 reactors fueled
with MOX. By that time civil plutonium in adequate amounts was recovered from
spent fuels.

The plutonium utilization problem dramatically changed and became acute
in connection with the Agreement to reduce nuclear weapons. This reduction is
anticipated to release several dozens of tons of weapon's plutonium both in Russia
and USA. This is a potential hazard not only for countries where it is stored. This,
the scientific-technical problem has acquired a most prominent sense on the
international level. To resolve it a new in principle approach to plutonium fuel is
needed , specifically, to fast reactor fuel. As distinct from the objective that we
faced 15 years ago, a new kind of fuel is to be designed that could maximally
reduce or fully eliminate plutonium breeding. Bearing this in mind we are carrying
on investigations in two directions, namely, first, production of MOX fuel
containing higher plutonium up to 45% and, correspondingly, lower uranium, and
second, to design plutonium fuel without U but containing an inert diluent.

In the first option studies were implemented into different methods of the
preparation of MOX fuel having that composition as well as into some of its
properties, namely, uniformity of Pu distribution, homogenization degree, pellet
structure, fuel dissolution and others.

In the second option a series of oxide compounds were studied to determine
their feasibility as an inert diluent of plutonium oxide; also the methods of this fuel
production were investigated.

The work is also under way aimed at using MOX fuel in WER-1000.
Several methods were optimized to produce fuel meeting the specifications. Several
experimental fuel rods are being in-pile tested. Preparations have been launched to
issue design-physics and process relevant documentation for the fabrication of
three MOX fuel assemblies for the Balakovo NPP.
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SYMPOSIUM ON NUCLEAR FUEL CYCLE AND REACTOR STRATEGY:

ADJUSTING TO NEW REALITIES

Vienna, Austria

2-6 June 1997

SPENT FUEL REPROCESSING SAFETY ASPECTS

B.Zakharkin (VNIINM), Ye.Dzekun (MAYAK), Ye.Kudryavtsev (MINATOM)

A great deal of emergencies and accidents as an accompani-

ment of the evolution of the world's radiochemical industry, inc-

luding the reprocessing of irradiated nuclear materials in the

USA, Great Britain and Russia. The experience serves as the ba-

sis for developing techniques which enable to minimize the number

of accidents.

The paper deals with a statistic analysis of accidents using

the operation of the spent low- and high-energy fuel reprocessing

plant (RT-1) over 20 years as an example.The statistic analysis

covers physical and chemical character of accidents (criticallity,

combustion, leaks, etc) during specific processes (transportati-

on, dissolution, extraction, etc)., poor organization and malfunc-

t ions.

Further efforts toward better safety which are still of cur-

rent interest despite quite adequate radiocheraical technologies

are considered.
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PLUTONIUM AS AN EFFICIENT ENERGY SOURCE

N.Yegorov (MINATOM), M.Solonin, A.Polyakov, B.Zakharkin (VNIINM),

V.Poplavsky (FEI)

Long-term nuclear engineering program of Russia was initial-

ly based on fuel cycle closure. It makes it possible to enhance

uranium fuel utilization by recycling secondary products and plu-

tonium as a highly efficient energy source. This makes nuclear

engineering competitive in economics with traditional power sour-

ces .

Fuel cycle closure will serve to improve another aspect of

concern - safety - by coordinating the production and utilization

of Pu as an inevitable companion of nuclear energy.

Russia has a high-capacity integrated radiochemical plant

for reprocessing of spent nuclear fuel and solidification of HLW

(RT-1). It has been in trouble-free operation for 20 years. Pure

Plutonium is one of its basic products. A new powerful reproces-

sing plant is under construction.

Wide research and operating experience with a variety of

fabrication techniques for MOX fuel successfully tested in a fast

reactor is gained. Thus, specific approaches to the use of reac-

tor-grade and weapons-grade Pu are validated. Burning up of excess

Plutonium or other hazardous radionuclides in fast or other reac-

tors ( under standard or abnormal conditions ) is considered as

a concept. In this context a comprehensive study is in progress

in chemical separating xadionuc1 ides resulted from fuel cycle.
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TRENDS IN PUREX PROGRESS

B.Zakharkin, V.Koltunov (VNIINM), B.Nikipelov (MINATOM),

A.Rozen, V.Smelov (VNIINM), Ye.Fillippov (VNIIHT)

The Purex-process has been in service in nuclear engineering

of some nuclear countries for 40 years. Though being improved

with time and varied from plant to plant, the method have not ex-

hausted its potentialities.

The report deals with Russian trends and achievements in the

Purex process progress, i.e. :

- development of the flow sheet to separate U, Pu, Np, Tc

and other elements singly or in combination;

- synthesis of extractants uncapable of separating into two

phases under saturation with Pu(IV) and Th solvates,

- use of low combustible or even fire-resistant diluents,

- prevention from the capture and transfer of the "opposite"

phase by using phase "reversal",

- use of demulsifiers suppressing stable emulsions and un-

controlled extractant migration,

- use of salt-free redox reactants instead of hydrazine.

The objective is to improve safety and to reduce volumes of

1iquid waste.
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Uranium Supply Through 2050 - Meeting the Challenge with Natural Resources
DH Underhill, IAEA and JP Nicolet, IAEA)

Projections of uranium requirements through 2050 are presented in Key Issue Paper No. 1l of
this symposium. Depending on the nuclear fuel strategy employed the projected requirements
vary substantially. The cumulative uranium requirements over the period 1995 to 2050 vary
by a factor of 3. Furthermore the annual requirements in 2050 vary by a factor of more
than 9.

Based on the extreme high and low cases, by 2050 the natural uranium requirements could
range from 31 000 t U in the least demanding of the low variant (Figure 10.C), to a high of
283 000 t U in the highest case of the high variant (Figure 10. A). The requirements in 2025
will range from 42 000 t U to 134 000 t U, respectively for the low and high variants.
Correspondingly the cumulative uranium requirements over the period 1995 to 2050 would
range from 2.5 million t U in the lowest variant, to 7.7 million t U in the maximum case of
the high variant.

Available information indicates there may be sufficient conventional uranium resources
available to meet the range of demand. While such alternative supplies as (LEU) blended from
high enriched uranium (HEU) warhead material is expected to meet 10% to 20% of
requirements over the next 10 to 20 years, most of the supply for the entire period will have
to come from natural uranium.

Nearly 85 % of low case demand could be met from Known Resources recoverable at a cost
of $80/kg U, or lower. For the highest case about 40% (3.1 million t U) of requirements could
be met from presently undiscovered Speculative Resources. Converting Speculative to Known
Resources through exploration is estimated to cost about $4000 million/1 million t U, based
on an average historical discovery cost of about $4.00/kg U2.

The uranium production for meeting projected requirements through 2050 is expected to come
from several sources. These include: conventional, unconventional and by-product resources.
Conventional resources include known, as well as undiscovered resources that will be
identified during exploration and delineation activities.

The choice of supply is expected to be determined by the comparative production cost of the
available sources. The lowest available cost material will in most cases be used to meet
requirements. This pattern could be altered if, for example, a nation elects to rely on a

Working Group 2, H.F. Wagner, Chairman, Global Energy Outlook, Key Issue Paper
No. 1, International Symposium on Nuclear Fuel Cycle and Reactor Strategy: Adjusting to
New Realities, Vienna, 3-6 June(1997).

2Underhill, D.H., Uranium exploration programmes, and the outlook for the 1990s,
Uranium and Nuclear Energy 1990, Pro. of the 15th International Symposium, Uranium
Institute, London,(1990).
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domestic uranium supply irrespective of the cost; or an alternative fuel or technology were
economically competitive.

For the near term, conventional resources are expected to be the largest source of uranium.
These will be supplemented by existing inventories of civilian and military material. A long
range projection must necessarily rely on all categories of uranium resources. Uranium
resources are defined by the "Red Book", the world report on "Uranium - Resources,
Production and Demand", prepared jointly by the International Atomic Energy Agency and
Nuclear Energy Agency (NEA) of the OECD3. The location, together with additional
information, for most of the deposits comprising the Known Resources are shown on the
IAEA's map "World Distribution of Uranium Resources" and are described in the
accompanying Guidebook4.

In the Red Book classification Conventional Resources consist of Known and Undiscovered
Resources. Known Resources consisting of Reasonably Assured Resources (RAR) plus
Estimated Additional Resources - Category I (EAR-I) recoverable at a cost of $80/kg U,
or less, equal 2 950 000 t U. RAR plus EAR-I and Other Known Resources, recoverable at
a cost of $130/kg U, or less, are 4 510 000 t U. These are expected to be the primary source
of uranium. The Undiscovered Resources, consisting of Estimated Additional Resources -
Category II (2.95 million t U) and Speculative Resources (8.5 million t U), total 11 million
t U. Once discovered, these resources could meet any requirement not met from Known
Resources. Additional uranium may be recovered from Unconventional Resources. This
includes phosphate by-product resources estimated at 22 million t U with a production cost in
the range of $35 to $90/kg U. Seawater, containing 4000 million t U (4 billion t U), could also
be a source should if become economically attractive. The production cost using known
technology is estimated to be $340/kg U.

Uranium from mining and milling is expected to continue to be the primary fuel supply for the
world's nuclear power programme. Available information indicate there are sufficient uranium
resources to meet demand over a wide range of requirements. Uranium exploration activities
will be required to identify undiscovered resources, as well as to locate and delineate more
economically attractive, lower cost resources.

3OECD NUCLEAR ENERGY AGENCY, INTERNATIONAL ATOMIC ENERGY
AGENCY, Uranium 1995 - Resources, Production and Demand, OECD, Paris, (1996).

"IAEA, World Distribution of Uranium Resources, STI-PUB 997, IAEA, Vienna,(1995).
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The Non-proliferative Light Water Thorium Reactor Fuel

AJvin Radkowsky. Tel Aviv University, Tel Aviv, Israel
Mehdi Sarram, Raytheon Nuclear, Inc.. Bethesda, MD. USA
Alex Galperin, Ben-Gurion University of the Negev, Beer-Sheva, Israel
Seth Grae, Radkowsky Thorium Power Corporation, Washington, DC, USA

Two issues influencing nuclear power worldwide are: (1) reduction of proliferation
potential and (2) spent fuel disposal requirements. Both issues are effectively addressed by
replacement (even partial) of uranium (U) by thorium (Th) as a fertile part of fuel. A new fuel
should be economically competitive when used in existing nuclear power plants This challenge
is met by the Radkowsky Thorium Fuel (RTF) concept presented here

The RTF design is based on the Seed and Blanket Unit (SBU). The seed is composed
of 20% enriched U (metallic fuel) with a residence time of 12-18 months, similar to the
conventional fuel assemblies for LWRs. The Th blanket stays in the core for 8-10 years with a
high burn up of dose to 100 GWd/T [1], which tests have indicated is feasible due to the strict
stoichiometry of Th oxide. The blanket contains close to 10% of U enriched to about 20% and
stays in the core for about 10 years. The results based on feasibility studies by the Russian
Research Center-Kurchatov Institute and Radkowsky Laboratory reveal that the design of RTF
fuel assembles is feasible. [2]

1. By proper adjustment of the moderator-to-fuel ratio and other design features, (i) in the
seed, the amount of Pu-239 produced in one RTF fuel assembly is reduced by about 80%
as compared with a conventional WER-1000 or PWR fuel assembly producing the same
power (40 Kg vs 250 Kg Pu) and (ii) in the Th blanket, design characteristics of the RTF is
such that the U-233 (accounting for about 40% of the core power) which is produced in the
blanket, is diluted with U-234, U-236, and U-238 and spiked with U-232 (TI-208). Thus,
after 10 years, when the blanket is removed, it contains a marginal amount of un-burned U-
233 which essentially cannot be used for weapons. U-233 presents a superior fissile
nuclide, producing more neutrons per thermal neutron absorbed than all other fissile
isotopes. Pu-238 in a weapon made from RTF spent fuel has been calculated to cause a
phase change in the Pu metal and disintegration of the explosive device, resulting in
extreme difficulty in fabrication.

2 The RTF fuel design does not require reprocessing. There is no economic incentive to
reprocess the SBU. The RTF design is a Once-Through-Fuel-Cyde.

3 RTF can burn about 800 Kg of Pu per year Studies indicate that burning weapons grade
material in RTF is more efficient than using MOX fuel in standard LWRs. The RTF can also
burn HEU.

RTF fuel characteristics meet or exceed the IAEA non-proliferation and enhanced
safeguards initiative, including: (1) physical protection measures and management of surplus
weapons Pu and HEU. and (2) reduction of IAEA inspection efforts due to the non-proliferative
characteristics of the RTF

References
[1] "The Non-proliferative Light Water Thorium Reactor-WERT Preliminary Reference Design Report"
RTPC/RL-02-96 Report, March 1996.
[2] N.N Ponomarev-Stepnoi. "Status of Works on WERT Project: Survey of R&D on Light Water
Uranium-Thorium Non-Proliferative Reactor", Technical Evaluation Report, Moscow Russia (1996)
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India

Energy potential of thorium in India is nearly 1000 billion tonnes of coal equivalent,
which is nearly 8 times its coal reserves. Nuclear power programme of India is therefore
based on the use of Pressurised Heavy Water Reactor (PHWRs) in the initial phases followed
by the plutonium/uranium-233 based breeders in the subsequent phases. Concurrent with the
development of reactor strategies and fuel cycle technologies, the analytical methodologies
required for measuring fissile materials, at various stages of the fuel cycle, are also being
developed. The paper gives a brief overview of this programme.

Pressurized heavy water reactors (PHWR) is one of the promising concepts for thorium
utilization and reactor physics calculations on this aspect are being pursued. As a first step two
PHWRs have used 35 thoria bundles (similar to fuel bundles) each during the initial start up to
achieve flux flattening. This practice would be followed in all future PHWRs. Besides
providing reactor physics data, this exercise would also provide a significant amount of
irradiated thoria from which uranium-233: could be recovered for research on Th- -"U fuel
cycle. Studies have been instituted for the introduction of thorium in combination with
plutonium in the PHWR. A new reactor concept, called advanced heavy water reactor, is also
under intensive investigation for thorium utilization. Two test reactor&have so far been built
using uraniura^233. Zero energy reactor PURNIMA-II which used ^-"UO^^O?)? solution
and a 30 kW 2 j 3 U-Al alloy fuel reactor KAMINI.

In the area of nuclear fuel cycle, India has been developing technologies for making
different types of nuclear fuels and for their reprocessing. Development of methodology for
nuclear materials measurement has been an important component of this programme. Isotope
Dilution Mass Spectormetry (IDMS) has been developed for accurate determination of the
concentrations and isotopic composition of the fissile materials in the input accountability tank.
An Isotope Dilution Alpha Spectrometry method (IDAS) has also been developed for
measuring plutonium concentration in dissolver solution. Techniques have been developed to
measure the burn-up based on IDMS by using stable fission product 14°Nd as a burn-up
monitor.

Non-destructive methods are essential for measuring plutonium in sealed
canisters and in fabricated fuel bundles. Methods based on neutron counting in a neutron wefl
coincidence counter (NWCC) are in advanced stage of development. Quality control of
finished fuel pins, in terms of uranium-235/plutonium content in various pellets within a fuel
pin, has been achieved in an automated fuel pin scanner by passive interrogation.
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