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ABSTRACT
Research and development on innovative FR cycle systems including P&T of TRU and LLFP is being

performed at JNC in Japan. The commercialization of FR cycle system can be expected to contribute greatly to
security of energy resource and preservation of global environment in the world. As a result of the Phase I of the
Feasibility Study on Commercialized FR Cycle Systems (Feasibility Study), a few promising FR plant concepts
and these related several promising fuel cycle concepts to be able to achieve the goals for commercialization
have emerged, and a roadmap related to these concepts is under preparation. A concept of innovative recycle
system that can efficiently reprocess and fabricate TRU, and burn them in the FR is studied in the first step.
Studies on partitioning and transmutation for long-lived fission products will be performed as the long-term
R&D including isotope separation. Economic competitiveness is especially a key issue to establish the isotope
separation technology. JNC will actively promote international collaboration from the viewpoint of the most
effective use of available resources.
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1. INTRODUCTION

One of the excellent features of fast reactors is its good neutron economy . Utilizing the excess of neutrons
enables us to construct flexible nuclear fuel cycle system including reactors and fuel cycle facilities such that
they breed or burn plutonium, transmute TRU(Trans-uranium) and long-lived fission products (LLFP) for
reducing radiotoxicity and enhance safety and non-proliferation features.

In Japan, with its necessity of securing its own energy supply, realization of the fast reactor and its related
fuel cycle (FR cycle) system continues to be a priority target to be pursued. Economic competitiveness, as
today's most important issue, has to be drastically improved by the development of innovative technologies for
the implementation of an FR system. The issue of radioactive waste generation, as one of the crucial issues of
fission energy use, has to be improved in the scenario for the handling of long-lived radiotoxicity. Partitioning
and transmutation (P&T) of TRU and LLFP are attracting attention at present as an option to reduce the long-
term radiological hazard of the high-level nuclear waste. To solve the issues of economic competitiveness,
environmental burden and non-proliferation, "Advanced Fuel Recycle System" study has been conducted.

The Atomic Energy Commission in Japan adopted a new long-term program for research, development &
utilization of nuclear energy on Nov. 24th, 2000. The new program endorses to conduct the related R&D widely
considering the diversification of social need in the future.

JNC has been performing the Feasibility Study in cooperation with Japanese electric utilities, Central
Research Institute of Electric Power Industry (CRIEPI) and Japan Atomic Energy Research Institute (JAERI).
The objectives of the Feasibility Study are to acquire the economic competitiveness with future LWRs, the
efficient utilization of resources, the reduction in environmental burden and the enhancement of non-
proliferation. The Feasibility Study aims to present the most prominent FR cycle technologies for
commercialization by around 2015.

JNC has also settled a new medium- and long-term R&D program concerning P&T of long-lived radioactive
materials. This R&D program is composed of the studies as part of the Feasibility Study and the basic studies.

This paper describes R&D on innovative FR cycle system including P&T of TRU and LLFP at JNC in
Japan.

2. DEVELOPMENT OF INNOVATIVE FR FUEL CYCLE SYSTEM

2.1 R&D Strategy in JNC

The R&D strategy aims to realize an ideal FR cycle system that can minimize the release of radioactive
wastes, establishing a better harmony with the global eco-system and promoting the effective utilization of
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resources for the purpose of ensuring a sustainable and permanent source is available. In the first stage of
development, importance is attached to the economic competitiveness with those of other energy sources as well
as to the enhancement of the safety. In doing so, we aim to develop a FR cycle system with economic
competitiveness as soon as possible. After the FR cycle system for near future will have been developed and
commercialized, R&D will be concentrated on establishing the new generation of FR cycle systems that meet the
future needs by making effective use of the flexibility of FR core, that is, the burning of TRU including higher-
order plutonium isotopes, the breeding of plutonium and the transmutation of long-lived radioactive nuclides.
Over a longer term, the strategy aims to realize the ideal FR cycle system that can minimize the release of
radioactive wastes and ensure the long-term supply of energy.

In addition, the R&D strategy aims to realize the FR cycle system, taking into account the conformity of the
whole fuel cycle system, as shown in Fig. 1.

2.2 Scope of the R&D for Innovative FR Cycle Systems

The R&D for the development of the innovative FR cycle system in JNC consists of the Feasibility Study,
the basic researches supporting the Feasibility Study, and the development of long-lived nuclides partitioning
and transmutation technologies.

(1) The Feasibility Study (l)-(S)

The Feasibility Studies are being conducted to develop the FR cycle concept which has high incentive to
commercialization, achieving each milestone planned every five year or so, through to the establishment of the
technologies necessary to commercialize the new FR cycle system by around 2015, as shown in Fig. 2. The
Feasibility Study is composed of the design studies, and the development of basic technologies to supply data
necessary for the design studies and the judgment of technical feasibility of the concepts.

(2) Basic Researches supporting the Feasibility Study(1)(5)(6)

The basic researches are being conducted to contribute to establishing the systematized technical know-how
for commercialization of FR cycle system by around 2015. They are constituted by basic researches
indispensable for relatively long-term development duration. The examples of basic researches conducted in
JNC are the development of fuel materials (including irradiation technologies), structural materials and
innovative components, partitioning and extraction technologies, reactor physics, thermal hydraulics, aseismatic
technology, safety engineering, and so on.

(3) Scope of R&D for P&T

R&D concerning P&T of long-lived radioactive materials is composed of the studies as part of the
Feasibility Studies and the basic studies.

In the Feasibility Studies, target nuclides to be transmuted are selected based on element separation for the
purpose of achieving economic recycling technologies. There are plutonium, neptunium, americium and curium
as TRU and I, Cs, Tc and Sr as fission products. The design studies and development of basic technologies
(element separation, TRU-contained fuel fabrication, irradiation tests, etc.) will be performed in the studies.

In the basic studies, R&D for P&T will be carried out on a wide range of nuclides, systems and new
technologies. Target nuclides to be transmuted for LLFP are considered Se-79, Zr-93, Sn-126, etc. to be able to
achieve the large radiotoxicity reduction. The results of the basic studies will be fed to the Feasibility Studies.
The total scope of the R&D program for P&T is shown in Fig. 3. The schedule of R&D for P&T is shown in
Fig. 4.

3. CURRENT STATUS AND FUTURE PLAN OF THE FEASIBILITY STUDY AND ITS RELATED
BASIC RESEARCHES

3.1 Development Targets

Five development targets are set for commercialized FR cycle systems in the Feasibility Study. These
targets are related to ensuring safety, economic competitiveness, efficient utilization of resources, reduction in
environmental burden, and nuclear proliferation resistance'2'. In this paper, the R&D efforts from the viewpoint
of reduction in environmental burden are mainly described.

Concerning the environmental burden of energy production systems, most of the attention is directed at
hazardous substances (radioactive wastes) produced by the systems, though various impacts of energy



production activities on the natural environment are existed. The release path of hazardous substances from a
FR cycle system into the environment is shown in Fig. 5. The countermeasures to reduce the environmental
burden in the Feasibility Study are:

i) To minimize the production of radioactive wastes by improving the fuel cycle process;

ii) To minimize the production of high-level radioactive wastes (HLW) by partitioning and transmutation
of long-lived nuclides in the FR cycle system that is likely to satisfy the economic competitiveness; and

iii) To minimize the release of radioactive wastes into the environment during the operation of plants.

As for the minimization of HLW, the Feasibility Study focuses on TRU recycling at present, because the
addition of the TRU recycling process to FR cycle is not likely to significantly affect the economic
competitiveness.

3.2 Scheme for the Feasibility Study and International Cooperation

In July 1999, JNC established the scheme of the Feasibility Study in cooperation with Japanese electric
utilities, CRIEPI, and manufacturers. Since January 2000, when JAERI joined this scheme, the Feasibility Study
has been conducted under the structure involving all the relevant organizations in Japan..

International cooperation is important and effective in developing the FR cycle system. The Feasibility
Study is being conducted in cooperation with the related research organizations in Europe, USA and Russia as
shown in Fig. 6. Such international cooperation will become more important in the subsequent R&D phases.

In the Feasibility Study, JNC has not only made examinations on ideas proposed by its researchers, but also
solicited innovative ideas from universities and research organizations in Japan and other countries. Such
innovative idea has been reflected in the result of the first phase of the Feasibility Study.

3.3 The Current Status of R&D Efforts

The first phase (Phase I) of the Feasibility Study has been completed in the 2000 Japanese fiscal year, and
the second phase (Phase II) started in the 2001 Japanese fiscal year. In Phase I, promising candidate
technologies were screened, and system design studies proved that they were likely to attain the development
targets(2). The current status of R&D efforts, especially related to the reduction of environmental burden, is
described hereinafter.

(1) Reduction of the Volume of Radioactive Waste

Examinations were made on the fuel reprocessing and fabrication processes to minimize the volume of
radioactive waste. At present, researches are being conducted to evaluate the feasibilities of the following
processes.

(a) Reprocessing

As for the advanced aqueous method, the salt-free process is being developed to reduce the production of
salt wastes. For the oxide electro-winning method, the mass and forms of producing wastes were identified in
the design study. For the metallic electro-refining process, the salt bath chlorination is being developed to reduce
the production of salt wastes.

(b) Fuel Fabrication

As for the simplified pelletizing method, the production of wastes is reduced by drastically simplifying the
process (decreasing to 5 processes from 22 processes). For the vibro-packing method, the ammonia solution
produced in the gel granulation process is recycled to reduce the production of wastes. For the casting method,
the centrifugal casting process is being developed to reduce the production of mold wastes.

(2) P&T Technology

(a) Design Study

The feasibility of recycling of TRU as FR fuel was proved by the design studies conducted in the Phase I of
the Feasibility Study.

Concerning each of the promising candidate concepts, it was confirmed that about 5% of the minor actinide



(MA) contained fuel could be reloaded into the core.

Design studies were conducted on reprocessing systems comprising TRU recovering processes. Design
studies were also conducted on remotely-automated fuel fabrication systems that comprise of cell structures,
with considering the high radioactivity(3)> (4). The results indicate that systems recovering MA as well as U and
Pu have a possibility of attaining the target of economic competitiveness.

The effect of reducing the environmental burden was evaluated from the viewpoint of cumulative MA as
shown in Fig.7. If MA recovered from FRs is recycled in the FRs, the results indicate that the cumulative MA
mass in the year 2200 can be about 40% lower than the case in which it is not recycled. The results also indicate
that the cumulative MA mass can be reduced to zero by the year of 2120, if MA recovered from LWRs is
recycled in the FRs as well. (Here, the cumulative MA is defined as total MA mass in spent fuels and radioactive
waste. The calculations were carried out with using the core parameters of a large-scale sodium cooled reactor
as the characteristics of the FRs.)

The effect of reducing nuclides by the multi-recycling of LLFP was estimated. The calculations were made
by using the recovery loss and the transmutation rate as parameters. The results show that it is necessary to set a
transmutation rate more than 10% per cycle and a recovery loss less than 3% per reprocessing in order to reduce
the LLFP waste to about 1/10 of the mass, as shown in Fig. 8(S).

(b) R&D for Basic Technologies

TRU recovery processes are being developed. Core design technologies and fuel materials related to TRU
burning are also being developed.

TRUEX, SETFICS, ion exchange, and amine extraction processes are being developed for the advanced
aqueous reprocessing methods. TRU recovery by selective electrolysis is being developed for the oxide electro-
winning method. As far as the metallic electro-refining is concerned, TRU can be simultaneously recovered in
the recovering process of U and no extra process needs to be added, therefore, there is no critical problem to be
solved.

As for fabrication and investigation of irradiation behavior of TRU contained fuel, the systematic program
has been planned in JNC. Two fabrication methods, pellet and vibro-packing have been studied for neptunium-
based fuel pins. The pellet type Np-based fuel will be fabricated at Tokai Works of JNC, and the fabrication of
Np-based fuel by vibro-packing method will be performed at PSI in collaboration with JNC. For Am-based
fuels, the Alpha-Gamma Facility (AGF) at O-arai Engineering Center of JNC has already been refurbished to
fabricate MOX fuel pins containing Am at first and then containing Am and Np. The irradiation tests of Np- and
Am-contained MOX fuels are planned in JOYO.

(3) Reducing the Release of Radioactive Waste during the Operation of Plans

Some technologies are being examined in the Feasibility Study to reduce the release of radioactive wastes
into the environment during the operation of plants. One of the examined technologies is the enrichment of N-15
of nitride fuel. When introducing nitride fuel, it is important to consider how to decrease the environmental
burden due to C-14 generated from N-14, the main component of natural nitrogen. If using enriched N-15, it is
important to consider the additional cost for enrichment of nitrogen 15.

3.4 Future R&D Program (Road Map)

The R&D program for FR cycle toward the commercialization (Road Map) is now under deliberation. This
program shows the way of undertaking R&D efforts to establish the systematized technical know-how of
commercialized FR cycle by around 2015. Promising candidate concepts of commercialized FR cycle systems
will be further developed in the manner shown in Fig. 9 to enhance their technological levels by selecting more
promising concepts. The Road Map will have to contain decision-making points for R&D items, and provide
detailed information about decision items.

In Phase II that started in the 2001 fiscal year, design studies are carried out for 5 years on the promising
concepts for FR cycle systems screened in Phase I to make quantitative comparisons among the candidate
concepts It is also necessary to extend efforts in developing innovative basic technologies necessary to perform
the quantitative comparisons. Based on the results, two or three of the most promising candidate concepts for
commercialized FR cycle systems will be selected, taking into account of the conformity of the whole fuel cycle
system. The Road Map will be updated at the end of Phase II.



4. CURRENT STATUS AND FUTURE PLAN OF R&D ON BASIC P&T TECHNOLOGIES

In the basic studies for P&T, experiments and evaluation for nuclear data, reactor physics, and fuel physical
property are performed to establish database and analytical tools for the TRU- and LLFP-contained fuel and core
design. Measurements of capture cross sections of fission products are indispensable to evaluate the accuracy of
nuclear data. JNC has been measuring the thermal neutron capture cross sections and resonance integral of
radioactive fission products. The thermal neutron capture cross section and resonance integral have been
measured for Sr-90, Cs-137, Tc-99,1-129, Cs-135,Cs-134 etc. Measurements of capture cross sections of rare
earth nuclides (Sm-147, Sm-148, Sm-150, Ce-140, Pr-141, Eu-153, Nd-143 and Nd-145) that are important for
core characteristics analysis of TRU burning have been performed to evaluate the accuracy of the nuclear data
libraries.

In addition, new separation technologies including isotope separation for Se-79, Zr-93, Sn-126, etc. will be
studied, and conceptual design studies to increase the transmutation efficiency will be also implemented.

5. CONCLUSION

R&D on innovative FR cycle systems including P&T of TRU and LLFP at JNC in Japan are underway.

The commercialization of FR cycle system can expect a significant contribution to security of energy
resource and preservation of global environment in the world. As a Phase I result of the Feasibility Study, a few
promising FR plant concepts and these related several promising fuel cycle concepts to be able to realize the
goals for commercialization were shown, and a roadmap related to these concepts is under preparation. Such
promising plant concepts have been selected from the viewpoint of ensuring safety, economic competitiveness,
effective utilization of resources, reduction of environmental burden and nuclear proliferation resistance.

When an FR cycle system is utilized from the viewpoint of reduction of environmental burden, a concept of
innovative recycle system that can efficiently reprocess and fabricate TRU, and burn them in the FR is studied in
the first step. Studies on partitioning and transmutation for long-lived fission products will be performed as the
long-term R&Ds including isotope separation. Economic competitiveness is especially a key issue to establish
the isotope separation technology.

JNC will actively promote international collaboration from the viewpoint of realization of the most attractive
FR fuel cycle concepts.

REFERENCES

(1) K. Aizawa, "R&D Activities on FR Cycle Technologies for Transmutation of TRU and LLFP by JNC", Int'l
Seminar on Advanced Nuclear Energy Systems toward Zero Release of Radioactive Waste, Susono, Japan
(Nov. 2000).

(2) H. Noda et al., "Feasibility Study on Commercialized FR Cycle Systems in Japan- The Results in the First
Phase and Future Plans of the Study", Global2001, Paris, (2001).

(3) H. Tanaka et al., "Conceptual Design Study on Advanced Reprocessing Systems for FR Fuel", Global2001,
Paris, (2001).

(4) K. Tanaka et al., "Conceptual Design Study of Advanced Fuel Fabrication Systems", Global2001, Paris,
(2001).

(5) S. Nomura et al., "Development of Challengeable Reprocessing and Fuel Fabrication Technologies for
Advanced Fast Reactor Fuel Cycle", Global2001, Paris, (2001).

(6) H. Miyamoto et al., "Development of Compaction Technology of Vibro-compaction Fuel
Fabrication—Investigation of Compaction behavior and Vibration Parameter Effect on Sphere Fuel",
Global2001, Paris, (2001).

(7) K .Morimoto et al., "Influence of Np on Sintering Behavior and Phase Separation for (Pu,Np,U)O2-x",
Global2001, Paris, (2001).

(8) N. Takagi et al., "Feasibility and Challenges of LLFP Transmutation in Fast Reactor", Global2001, Paris,
(2001).



c Optimization of Boundary Conditions
considering the Feature of FR Cycle<Features of FRs>

•Burning of Low DF Fuel
•TRU Burning
•Breeding

Simplifying Process

Modified
Specification

Fuel Fabrication
Automatic Control
Remote Manufacturing

Decreasing Radioactive
Reduction of Hazard by P&T

difficult to Make Weapojx

Amount ofPu
High Burn-up
TRU Recycle

P&T: Partitioning & Transmutation

Process Improvement

Figl

No Pure Plutonium
Low Decontamination

Reprocessing

Feasibility Study on Commercialized FR Cycle Systems
2005 r 2010 'I 2015

\ V^ Scale Tests_
\

Phase II
• Selection of
Several
Promising
Combinations of
FR and Fuel
Cycle Systems

Attractive FR Cycle System
By satisfying development targets

Example

- Advanced Aqueous
-Non-aqueous

Fuel Fabrication
- Simplified Pelletizing
- Vibration Packed j

X -Casting y

Phase III
> Conceptual

Design Study
Experiments
and Analyses of
Essential
Technologies

Phase IV
• Detailed Design Study

Establishment of
Systematized
Technical Know-how

Adoption of developed technologies into Commercialized FR Cycle Systems

R&D for Partitioning and Transmutation W

TRU Recycling
(TRU Recovery in Reprocessing Process and TRU Burning in FR)

partitioning and Transmutation of LLFP 1
as a T,f)np-term R&D

Fig.2 Step-by-step Approach for Development ofFR Cycle Systems



Purpose Field of Study Study Items

Feasibility Study
on

Commercialized
FR System

Establishment of P&T
technology based on
element separation
and fast reactor
technology in
consideration of
economics

Design Studies and
Element Technology
Development for
TRU,LLFP(I,Cs,Tc)
and Sr

(1) Design Studies
a. Core characteristics of low decontamination fuel
b. Transmutation characteristics of LLFP-loadingcore

(2)EIement Technology Development
a. Partitioning Technology

TRU; partitioning technologies by wet and dry methods
LLFP : partitioning technologies forTc, I,Sr, and Cs

b. Fabrication Technology
TRU contained fuel

c. Irradiation Test (preparation)
• TRU contained fuel pins
• LLFP pins

Basic Study

Accumulation of basic
data

Development of
innovative technology

Basic Data
(Nucleardata, Reactor
Physics,Fuel property)

Innovative
Technologies
(Separation ofSe-
79,Zr-93, Sn-126,Pd-
107, etc.)

(1) Partitioning
New partitioningtechnologies(including isotope separation)

(2) Nuclear Data
MA,LLFP

(3) Reactor Physics
Burn-up code verification usingJOYO and SPX data,etc.

(4) Fuel Property
Inert matrix^tc.

(5) In novative Concept
Increasing transmutation performance ofMA and LLFP

Fig.3 Total scope of the R&D program for P&Tin JNC

Feasibil ity

Studies

(EI ement

Technology

Development)

TRU*
LLFP

TRU and LLFP partitioning technologies, TRU contained fun I fabrication technologies.etc.

Basic Studies
(1) Hoc I ear Data

(2)Reactor Physics

(3)Partitioning

<4)Fuel

(5)Innovative Concept

Measurement and evaluation of main HA and LLFP nuclides

IT
Burnup code verlification using JOYO and SPX data.etc.

Hew partitioning technologies(including isotope separation)

t matrix (MgO. etc) J !...,

Fig. 4 Schedule of the R&D program for P&T in JNC



FR Cycle

Waste Treatment _ .

Environment
(Impact to Health)

I Concentrate/
Retain

Disposal

Early Release
- to Atomosphere
- to Ocean or River

Estimation of Exposure Dose

LLW: near-surface geologic | D i l u t e / D i s p e r ; e _ R e l e a s e

HLW: deep geologic

Estimation of Volume of Waste
(Area of Repository)

Estimation of Radio Toxicity

Delayed Release

Estimation of Exposure Dose

Fig. 5 Release Path of Radio-nuclides from FR Cycle System into Environment

Gas-cooled reactors
(CEA)

FR system

Reprocessing
System

Safeguards for non-
aqueous reprocessing

(LANL)

Feasibility Study on
Commercialized FR Cycle Systems

Integral
Evaluation

Study of FR
Cycle System's

Concepts

Fuel Fabrication
Technology

Vibro-compacted fuel
(PSI, RIAR)

Reactor safety testing on
advanced concepts

&NL, Kazakhstan NNC)

Development of the
Essential

Technologies

Irradiation behavior for
vibro-compacted fuel &

cladding
(PSI+NRG, RIAR)

Material erosion in Pb-Bi
(FZK)

FR
Technology

Reprocessing
Technology

Non-aqueous reprocessing
(RIAR)

Aqueous reprocessing

Fig. 6 International Cooperation



S 600

| 5 0 0

I
o 400

| 3 0°
1 200

« 100

r

FF

\

^ w rthou^
:ase 1)

^ *

"M"A" rec^J

FR w-rthlff BeH-n
fcase 2^

1

clng

— •—
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