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FOREWORD 

The IAEA continues to give a high priority to safe and effective implementation of spent fuel 
management. The purpose of this publication is to review current and future options for the 
reprocessing of spent nuclear fuels and the future direction of the nuclear fuel cycle most 
likely to achieve the objectives of assured energy supply, environmental protection, economic 
feasibility, and safeguards of special nuclear materials. 

Substantial global growth of nuclear electricity generation is expected to occur during this 
century, in response to environmental issues and to assure the sustainability of the electrical 
energy supply in both industrial and less-developed countries. This growth carries with it an 
increasing responsibility to ensure that nuclear fuel cycle technologies are used only for 
peaceful purposes. Recently, proposals have been set forth by the IAEA Director General, 
governments of the United States of America and Russian Federation for the 
internationalization of the nuclear fuel cycle.  These proposals entail an implied need for the 
development of innovative means for closure of the nuclear fuel cycle as advanced reactors 
(Generations III and IV) are deployed and as the quantities of material in the fuel cycle are set 
to increase to levels several times larger than at present.  Such increases can cause stress to 
the international non-proliferation regime and create undue problems for nuclear waste 
disposal if not dealt with through open and comprehensive international collaboration.   

The proper management of spent fuel arising from nuclear power production is a key issue for 
the sustainable development of nuclear energy. While reprocessing of spent fuel was 
historically the favored strategy for the back end fuel cycle, in the past few decades some 
countries have turned to other options. Specifically some countries have adopted a direct 
disposal or a ‘wait and see’ strategy, partly in response to concerns such as nuclear weapons 
proliferation, public acceptance and economics. Some other countries have continued to 
develop and improve closed fuel cycle technologies. 

The IAEA has issued several publications in the past that provide technical information on the 
global status and trends in spent fuel reprocessing and associated topics, and one purpose of 
this present publication is to provide an update of this information. However, the scope of this 
publication has been significantly expanded in an attempt to make it more comprehensive by 
including more information on emerging technologies. A Scientific Forum on the topic “Fuel 
Cycle Issues and Challenges”, held during the 48th General Conference of the IAEA on 20–
22 September 2004 provided an opportunity to review and discuss several of the issues 
associated with spent fuel management and to provide some of the input to finalize this 
publication.  

For the preparation of this publication, a Technical Meeting (TM) was held in October 2005, 
preceded by a consultancy meeting in December 2004. Additional Consultancy Meetings 
were held in October 2006 and April 2007. The preliminary draft has subsequently been 
reviewed and revised several times by the contributors themselves and by other reviewers. 
The contributions of all who brought indispensable help in drafting and editing the 
publication (listed at the end of the publication) are greatly appreciated. The IAEA staff 
member responsible for this publication was Z. Lovasic of the Division of Nuclear Fuel Cycle 
and Waste Technology. 
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SUMMARY 

As the options for spent fuel management may in the long term diversify due to evolving 
requirements and new priorities in strategic criteria, it is worthwhile identifying viable 
technical options for spent fuel treatment and their applicability to spent fuel management.  

The objective of this publication is to provide an update on the latest developments in nuclear 
reprocessing technologies in the light of new developments on the global nuclear scene.  

The background information on spent fuel reprocessing is provided in Section One. 
Substantial global growth of nuclear electricity generation is expected to occur during this 
century, in response to environmental issues and to assure the sustainability of the electrical 
energy supply in both industrial and less-developed countries.  This growth carries with it an 
increasing responsibility to ensure that nuclear fuel cycle technologies are used only for 
peaceful purposes.   

In Section Two, an overview of the options for spent fuel reprocessing and their level of 
development are provided. A number of options exist for the treatment of spent fuel. Some, 
including those that avoid separation of a pure plutonium stream, are at an advanced level of 
technological maturity. These could be deployed in the next generation of industrial-scale 
reprocessing plants, while others (such as dry methods) are at a pilot scale, laboratory scale or 
conceptual stage of development.  

In Section Three, research and development in support of advanced reprocessing options is 
described. Next-generation spent fuel reprocessing plants are likely to be based on aqueous 
extraction processes that can be designed to a country specific set of spent fuel partitioning 
criteria for recycling of fissile materials to advanced light water reactors or fast spectrum 
reactors. The physical design of these plants must incorporate effective means for materials 
accountancy, safeguards and physical protection. 

Section four deals with issues and challenges related to spent fuel reprocessing. The spent fuel 
reprocessing options assessment of economics, proliferation resistance, and environmental 
impact are discussed. The importance of public acceptance for a reprocessing strategy is 
discussed. A review of modelling tools to support the development of advanced nuclear fuel 
cycles is also given. 

As a conclusion, spent fuel reprocessing options have evolved significantly since the start of 
nuclear energy application. There is a large body of industrial experience in fuel cycle 
technologies complemented by research and development programs in several countries. 
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1. INTRODUCTION 

Management of spent fuel arising from nuclear power production has long been considered an 
important issue due to the political, economic, and societal implications associated with it. In 
view of the large amount of spent fuel being progressively added to the cumulative inventory 
in the world, the significance of spent fuel management will continue to grow in the future. 

While nuclear industry has successfully managed spent fuel quantities arising from nuclear 
power production in the past, a variety of issues have been raised through considerations of 
the long term strategy options for spent fuel management. It would be crucial to resolve or 
mitigate those issues for enhancing acceptance of the anticipated role of nuclear energy in the 
sustainable development in the future.  

The expected growth of nuclear energy generation in the world carries with it an increasing 
responsibility to ensure that nuclear fuel cycle technologies are used only for peaceful 
purposes. Recently, proposals have been set forth by the IAEA Director General, and 
governments of the United States of America and Russian Federation for the 
internationalization of the nuclear fuel cycle. These proposals entail an implied need for the 
development of innovative means for closure of the nuclear fuel cycle as advanced reactors 
(Generations III and IV) are deployed and as the quantities of material in the fuel cycle are set 
to increase to levels several times larger than at present. Such increases can cause stress to the 
international non-proliferation regime and create undue problems for nuclear waste disposal if 
not dealt with through open and comprehensive international collaboration.   

A central goal of nuclear sustainable development is to enhance the effectiveness of natural 
resource utilization and to reduce the volume and long term radiotoxicity of high level waste 
employing partitioning and transmutation of minor actinides while the cost of energy products 
remain economically viable. 

1.1. Global statistics in spent fuel management 

Currently about 10 500 tHM spent fuel are unloaded every year from nuclear power reactors 
worldwide (Figure 1). This is the most important continuous growing source of civil 
radioactive materials generated, and thus need to be managed appropriately. Also, this annual 
discharge amount is estimated to increase to some 11 500 tHM by 2010. The total amount of 
spent fuel cumulatively generated worldwide by the beginning of 2004 was close to 268 000 
tHM of which 90 000 tHM has been reprocessed. The world commercial reprocessing 
capacity is around 5 550 tonnes per year. Projections indicate that the cumulative amount 
generated by the year 2010 may be close to 340 000 tHM with a corresponding increase in 
reprocessed fuel. By the year 2020, the time when most of the presently operated nuclear 
power reactors will approach the end of their licensed operation life time, the total quantity of 
spent fuel generated will be approximately 445 000 tHM.  

1.2. Background of the IAEA activities in the field 

The recent trend toward renewal of interest in nuclear power as a futuristic energy option calls 
for development of innovative nuclear systems in search of technical evolution for sustainable 
development. Several national and international initiatives have also been launched for spent 
fuel reprocessing methods with a long term vision for technical innovation in spent fuel 
management.  
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Having recognized the needs for innovative systems, the IAEA has initiated its International 
Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) several years ago, with a 
view to assist Member States in the development and deployment of nuclear systems by 
providing an umbrella for investigations in the field. With Phase I of the INPRO project being 
wrapped up, the INPRO assessment methodology is being validated on the basis of several 
case studies that have been performed by INPRO members. In recognition of the importance 
of fuel cycle issues, a Scientific Forum on the topic “Fuel Cycle Issues and Challenges”, was 
held during the 48th General Conference of the IAEA (20-22 September 2004), which 
provided an opportunity to review technology and discuss several of the issues associated 
with spent fuel management. Another recent initiative launched by IAEA with an implication 
on spent fuel management is the Multinational Approach (MNA) to nuclear fuel cycles which 
was also a topic of the Scientific Forum during the 48th General Conference. In 2005, IAEA 
published an International Expert Group report on Multilateral Approaches to the Nuclear 
Fuel Cycle. This report formulated the initiative on Multilateral Fuel Cycle Facilities that 
would provide assurances of fuel supply and assurances of proliferation resistance [1]. 

 
Figure 1. Trends in spent fuel management. 

The IAEA activities in spent fuel management have evolved in response to the changing 
needs and interests of its Member States. The status and trends in the Member States through 
the past decades have been closely surveyed and reflected in the formulation of IAEA 
programs which have dealt with a variety of technical and institutional topics.  

In recognition of the importance of spent fuel reprocessing in the back end of the fuel cycle, 
the IAEA has provided a forum for exchange of information on the status and trends in spent 
fuel reprocessing since the 1970s, from which several publications have been issued [2], [3], 
[4], [5], [6]: 

• IAEA-TECDOC-115 “Reprocessing of Highly Irradiated Fuel” (1970) 

• IAEA-TECDOC-333 “ Treatment of Irradiated LWR Fuel” (1985) 

• IAEA-TECDOC-1103 “ Status and Trends in Spent Fuel Reprocessing”, (1999) 
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• IAEA-TRS-435 “Implications of Partitioning and Transmutation in Radioactive Waste 
Management”, (2004) 

• IAEA-TECDOC-1467, “Status and Trends in Spent Fuel Reprocessing” (2005) 

The latest publication (IAEA-TECDOC-1467) had a scope enlarged to cover emerging 
technologies including dry processes, as well as the conventional Purex based technologies 
which have been the focus of previous publications, with a view to provide a transition bridge 
toward new trends including a linkage to the INPRO initiative.  

As the options for spent fuel management may in a long term diversify due to evolving 
requirements and new priority in strategic criteria, it would be worthwhile to identify viable 
technical options for spent fuel reprocessing and their applicability to spent fuel management. 
Following the June 2006 International Conference on the Management of Spent Fuel from 
Nuclear Power Reactors held in Vienna, the scope of this document was broadened to include 
policy, safety and security aspects of spent fuel management. 

The Nuclear Fuel Cycle and Materials Section of the IAEA Department of Nuclear Energy 
has several programs that may in the long run provide additional inputs to spent fuel 
management options. Projects on Nuclear Power Reactor Fuel Engineering and on Topical 
Nuclear Fuel Cycle Issues are dealing with developments in their respective area that can in 
future widen spent fuel management options. The latest work on thorium fuel cycle, 
management of reprocessed uranium and viability of recycling fissionable materials in 
reactors [7] are all summarizing research results that may provide or affect additional 
reprocessing options [8], [9], [10].  

The Joint Convention on the Safety of Spent Fuel Management and on the Safety of 
Radioactive Waste Management and the IAEA Safety Standards provide a framework for the 
international safety regime for spent fuel management. The transport of radioactive material, 
including spent fuel, provides a well established example of this international safety regime 
through nearly universal application of the IAEA Transport Regulations. 

1.3. Scope of work 

The purpose of this document is to review and provide an updated evaluation on spent nuclear 
fuel (SNF) reprocessing options with emphasis on reprocessing technologies to improve 
sustainability of nuclear energy. 

A wider term of spent fuel treatment options would include an extensive range of processes 
for spent fuel management which would follow interim storage of spent fuel including 
disposal. This TECDOC however, is limited to reprocessing of spent fuel with the intent to 
reuse fissionable material. Sustainability, waste management and proliferation risk reduction 
were key issues in reviewing the fuel reprocessing options. 

This document attempts to provide an assessment of status of relevant options, for managing 
the back end of the fuel cycle. It also includes description of some modeling tools for spent 
fuel analysis. 

1.3.1. Global evolution of spent fuel management options 

Safe management of growing inventories of spent fuel has significant implications with 
regard to the future sustainability of nuclear energy.  
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Existing facilities have significantly evolved by implementing new technological advances 
(see Chapter 3.1) to address several key issues such as minimization/elimination of secondary 
waste stream, reduction of proliferation risk (no pure plutonium stream, e.g. Japan Rokkasho- 
mura plant). 

Technical innovations addressed in recent international initiatives, such INPRO (IAEA), Gen 
IV and GNEP (USA), and MICANET (EU) are addressing several issues associated with 
future nuclear systems (reactor and associated fuel cycle) which are dealing simultaneously 
with energy supply, environmental impact, economics, non-proliferation, nuclear safety and 
security. These are key issues to the expansion of nuclear energy. 

Over the course of nuclear power development, several options for spent fuel management 
have evolved.  

The envisaged strategy of reprocessing followed by recycling in breeder reactors from the 
beginning of peaceful use of nuclear energy has eventually evolved into a policy toward either 
(1) reprocessing followed by recycling in thermal reactors in some countries as a result of 
lengthy delays in breeder reactor deployment, coupled with the availability of international 
fuel cycle services in existing facilities, or (2) direct disposal of spent fuel in a growing 
number of countries as a result of concerns about nuclear proliferation and economic 
considerations as the growth in nuclear generation and demand for natural uranium resources 
failed to materialize in the latter part of the previous millennium. With the exception of a few 
countries, however, implementation of the policy calling for spent fuel disposal has 
encountered continuing delays due to controversies hampering geologic repository site 
selection and development. 

From the beginning of the new millennium, there have been growing aspirations for 
innovative technologies in nuclear energy, given the anticipated, significant contributions by 
nuclear energy in mitigating global warming concerns. It is therefore essential to consider 
technical innovations in future nuclear fuel cycles, which can improve the sustainability of 
nuclear energy by (1) reducing substantially the uranium consumption per unit of energy 
produced, and (2) further reducing the long-term radiotoxicity of high-level waste through 
their ability to burn the majority of long-lived minor actinides, such as neptunium and 
americium, in addition to the major actinides (uranium and plutonium) as presently achieved 
by the PUREX separation process, while keeping the costs of energy products, in particular 
electricity, economically affordable [1]. These are indeed the objectives being pursued by the 
current initiatives for development of innovative nuclear systems (i.e., reactor and fuel cycle 
technologies). 

It should be stressed that each country (see country reports in Appendix 1) is facing a 
different situation with regard to:  

• Global energy mix and energy policy, current status and prospects for the contribution 
of nuclear power, and commitment to the reduction of greenhouse gas emissions such 
as CO2,  

• Availability of fissile materials resources, 

• Nuclear power fleet (number of units, reactor(s) type(s) and fuel cycle technologies 
implemented, etc.), 
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• Inventory of radioactive materials (including legacy waste) resulting from past and 
waste management practices (see information on spent fuel composition in Annex I2), 

• Choice and capacity of candidate geologic formations chosen for ultimate disposal, 

• Public (and political) support for nuclear energy. 

These current considerations are drivers for the choice of a national back-end strategy with 
the following possibilities (see Figure 2):  

• “Direct Disposal” or “Once-through Fuel Cycle” 

• “Storage and Postponed Decision” or “Wait and See Option” 

• “Reprocessing and Recycling” or “Closed Fuel Cycle” 

Direct disposal

Storage and postponed 
decision ?

Treatment and Recycling
(France, Japan, Russia, 
India)

 

Figure 2. Three basic strategies for the management of spent fuel. 

Drivers for closed cycle and advanced recycling strategies 

There are five key considerations for a closed fuel cycle strategy and R&D on advanced fuel 
cycles to further improve it [6]: 

• Conservation of natural resources 

• Optimization of  waste management and disposal conditions, 

• Minimization of environmental impact (see Chapter 4), 

• Fuel cycle economics (see Chapter 4), 

• Proliferation resistance (see Chapter 4). 
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Compared to the once through fuel cycle strategy, the present approach based on the PUREX 
separation process and recycling of plutonium as mixed oxide fuel (MOX) in light water 
reactors offers the following advantages: 

• Improve use of fissile materials resources by up to 25%,  

• Leads to a reduction of conditioned/packaged high level and long lived waste volume 
to be disposed of, thanks to the removal uranium and plutonium, 

• Decreases the long-term radiotoxicity of HLW to be disposed of. 

Innovative separation method now under development would also allow for the removal of 
minor actinides, such as americium and neptunium, therefore further optimizing the utilization 
of fissile materials and alleviating the heat constraints on the final repository.  

It must be noted that some countries are concerned with the potential disadvantages of the 
current fuel reprocessing strategies like the cost of reprocessing and potentially lower 
proliferation resistance. 

Impact on Geologic Repository 

The design and capacity of a geologic repository depends on: 

• Decay heat release and time for packages to cool down, 

• Long term radiotoxicity of the waste, 

• Mobility and transport of radio-elements in case of loss of containment and rupture of 
all barriers surrounding the waste package (depending on the geochemistry of the 
selected site with either oxidizing or reducing conditions). 

The long term decay heat release and radiotoxicity of a standard PWR spent fuel vs. cooling 
time are illustrated below in Figures 3 and 4. 

The long term environmental impact of the disposed HLW therefore depends on: 

• Its inventory as a result of the nuclear power plants fleet composition (reactor types) 
and selected fuel cycle strategy, 

• The solubility and migration of the elements in the selected geological site. 

As a result, the relative radiological impact of each of the nuclides contained in the disposed 
HLW varies depending on the repository concept and the type of host rock. 

Emerging fuel cycle strategies 

The emerging fuel cycle strategies and their respective merits to address the mentioned key 
drivers are summarized below: 
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Figure 3. Decay heat in storage vs. cooling time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Potential radiotoxicity vs. cooling time 

Figure 4. Potential radiotoxicity vs. cooling time. 

• Co-management of U and Pu to improve the proliferation resistance of spent fuel 
reprocessing. 

8



 

 

•  Selective separation and heterogeneous recycling of minor actinides to further reduce 
decay heat of the waste to be disposed of in a geologic formation. Heat load of the 
repository to host ultimate waste can already be significantly reduced with Pu removal 
as Pu is the major source of the decay heat and for long term potential radiotoxicity of 
PWR spent fuel. Selective separation and heterogeneous recycling of minor actinides 
could further reduce the decay heat of the wastes disposed of in a geologic formation. 

•  Ultimately, a more challenging goal of achieving group extraction and homogeneous 
recycling of actinides in an integrated fuel treatment and refabrication facility to 
further simultaneously minimize the proliferation risk associated with the back-end of 
the fuel cycle, and the heat load of the repository for the waste to be disposed. 

These three fuel cycle strategies are sketched in the Figure 5 below: 

 

R T 
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FP 

U Pu MA 
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U 

MA 

U Pu 

FP R T 
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U Pu 
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U & Pu Recycling 

 

Figure 5. Fuel cycle strategies. 

1.3.2. Technical challenges 

Resolving the challenges associated with emerging fuel cycle strategies include non-
proliferation, minimization of industrial discharges from fuel reprocessing facilities, and 
economic competitiveness. 

All nations that have signed the Non-Proliferation Treaty (NPT) have the right to pursue 
enrichment and reprocessing for peaceful purposes in conformity with Articles I and II of the 
Treaty.  However, there is no “silver bullet” technology that can be built into an enrichment 
plant or reprocessing plant that can prevent a country from diverting its national fuel cycle 
facilities to non-peaceful use. Therefore, from the standpoint of resistance to proliferation 
caused by a national commitment to weapon development, there are technological limits to 
the non-proliferation benefits offered by any of the advanced chemical separations 
technologies, which can be modified to produce plutonium if a nation is willing to withdraw 
from, or violate, its safeguards obligations. This is one of the driving elements for the  Global 
Nuclear Energy Partnership (GNEP) initiated by the U.S. [11] and joined by China, France, 
Japan and Russia (joint statement on May 21, 2007), which aims to provide the benefits of 
nuclear electricity at a reasonable cost to those countries that choose not to pursue uranium 
enrichment and spent fuel reprocessing. By doing so, these countries can avoid the cost of 
building a fuel cycle infrastructure (enrichment, reprocessing, fuel fabrication and perhaps 
even high level waste disposal). 

It should be noted that a commercial plant providing international fuel cycle services would 
essentially be prevented to do so as the scrutiny of its foreign customers would provide a 
strong extrinsic non-proliferation control. 

9



 

 

Significant reductions have been achieved in the radiological discharges as illustrated by the 
2000 Marina II Study by the European Community. The radiological discharges from the La 
Hague and Sellafield reprocessing plants were contributing ~5% to the collective dose from 
all industrial radioactive discharges into the North Sea. oil and gas, and phosphates operations 
were contributing respectively ~35 and ~55%. However, the nuclear industry remains under 
pressure to further reduce environmental discharges from reprocessing facilities.   

The competitive edge, or lack thereof, of innovative fuel cycle schemes as compared with 
schemes based on existing technologies is difficult to quantify with accuracy, given the 
various degrees of uncertainties affecting established versus conceptual technologies.  
Clearly, even if the back-end fuel cycle costs represent a small fraction of overall costs, they 
must remain reasonably competitive when all alternatives are considered.  Maybe as 
important, if not more so, are the investment risks that have to be acceptable to those 
considering investing in fuel reprocessing options. These risks must be weighted against 
waste disposal benefits and intangibles such as global proliferation risk mitigation. 

1.3.3. Non-technical challenges 

Political will and public acceptance will be required to construct the facilities needed to 
support advanced fuel cycles. Recognition of the societal significance of the potential benefits 
of the technology together with sufficient public involvement in handling environmental 
matters will be key in obtaining government and local public support. 

2. REPROCESSING OPTIONS FOR SPENT FUEL MANAGEMENT 

This section provides an overview of considered spent fuel processing options and the status 
of their development. The major options are described in more detail in Section 3. 

2.1. Historical background and current status of reprocessing options in industrial 
scale 

Irradiated nuclear fuels were first reprocessed in the 1940s using pyrochemical and 
precipitation processes.  

These separation methods were soon replaced by the solvent extraction process 
(hydrometallurgy), which is better suited to continuous, large scale, remote operation, 
allowing for the separation of 3 main streams of nuclides (uranium, plutonium, and waste, i.e. 
fission products and minor actinides). Different solvent extraction systems were explored 
before the discovery of an efficient extraction system. The combination known generically as 
PUREX (which utilizes the extractant tributyl phosphate (TBP) mixed in a largely inert 
hydrocarbon solvent) soon replaced all earlier solvent extraction media because of its high 
performance in industrial scale plants. The PUREX process was used for several decades in 
the production of separated plutonium for military purposes; during that time, process was 
optimized for maximum efficiency of recovery and purification. 

The first plant based on hydrometallurgy emerging on the market to reprocess spent fuel from 
commercial power plants was built in Belgium in the sixties on a multinational basis 
(EUROCHEMIC). 

In the seventies, based on the assumptions of a rapid growth in nuclear energy and uranium 
demand, industrial implementation of the closed fuel cycle using the PUREX process was 
further extended with the reprocessing of used fuel coming initially from gas-cooled reactors, 
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later on from LWRs (BWRs and PWRs), and then from PHWR reactors. The recycling of 
plutonium in the form of mixed-oxide fuel (UO2-PuO2 or MOX fuel) in fast breeder reactors 
(expected at that time to be deployed on a large scale) was regarded as the standard strategy.  

In the eighties, the worldwide development in nuclear energy turned out to be more modest 
than originally planned and prospects for the implementation of fast reactors associated with a 
closed fuel cycle were progressively postponed in several countries (see country reports).  

However, several countries including France, Japan, UK, Russia and India (see also country 
report for India), continuously developed, improved and adapted the PUREX technology. In 
France for the MOX-fuel fabrication, in Russia for U recycling in RBMK fuel, in India for the 
U recycling in PHWR fuel and MOX for FBR.   

As a result of this fuel cycle strategy based on PUREX, the volume (and radiotoxicity) of 
highly radioactive and long-lived waste to be disposed of in these countries were significantly 
reduced as compared to a once-through fuel cycle, with inventory high level waste restricted 
to fission products and minor actinides (which are conditioned in a very stable glass matrix), 
and very small losses of plutonium to the waste stream. 

As a result of several decades of industrial feed-back in the development of the closed fuel 
cycle strategy based on the PUREX process, one can mention the following major 
achievements: 

- High efficiency and reliability (large amount of used fuel processed with good 
statistics, see  countries reports),  

- The fabrication of high quality UO2 and MOX fuels for LWRs and fast reactors,  

- Continuous decrease of solid waste volume, effluents and environmental impact in 
terms of radiation doses. 

Among the other options for the management of nuclear waste, one can distinguish two 
different approaches for the back-end of the fuel cycle: 

• The “wait and see strategy”: in a context of uncertain energy market, many countries have 
opted for the interim storage of spent fuel; 

• Direct disposal of spent fuel in underground geological repositories (as already decided in 
few countries like Finland or Sweden for instance). 

It is also worth mentioning the distinct situation of the United States of America (USA). 

After having developed the closed fuel cycle in the early days of nuclear power developments, 
the USA switched to a once-through cycle in 1978 mainly because of proliferation concerns. 
Early in 2006, a major political transition occurred with the launching of the Global Nuclear 
Energy Partnership (GNEP) initiative. This proposed return to the closed fuel cycle was 
decided both for domestic reasons (especially regarding the optimization of the capacity of the 
geological repository for ultimate waste) and for the implementation of a multinational 
approach to the fuel cycle in a context of a worldwide renaissance (and prospects for a 
sustainable development) of nuclear power and minimization of proliferation risk. Current 
capacities of spent fuel reprocessing status of reprocessing facilities and reprocessed fuel data 
are given in ANNEX I (Tables I-1, I-2 and I-3). 
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2.2. Prospects for advanced fuel cycle strategies 

Given expectations that it is just a matter of time for a new generation of nuclear systems 
(reactors and associated fuel cycle) to emerge, interim storage in the framework of “a wait 
and see” strategy can be seen as a way to provide some flexibility in the management of used 
fuels and nuclear waste. Such a “wait and see” policy is based on the confidence that nuclear 
science and technology will continue to progress towards the sustainability of nuclear power 
while addressing key issues such as: 

- A competitively-priced and reliable supply of energy without emission of greenhouse 
gases; 

- An optimum use of the available natural resources of fissile materials (uranium or 
thorium), an optimized management of waste (limited amount of ultimate waste to be 
disposed of), and a safe interim storage without significant environmental impact even 
on the long term (several hundreds of years); 

- A continuously improved nuclear safety; 

- A reduced proliferation risk. 

Developments of advanced reprocessing technologies are directed on: 

- Reduction of cost of reprocessing in comparison with PUREX-process cost, and also 
in comparison with expenses for direct spent fuel disposal in the open nuclear cycle; 

- Recovery of all actinides and long-living fission products for reduction of volumes 
and toxicity of the waste products for disposal, and, hence, for decrease in expenses 
for construction and operation of repository and increase of long-term safety of a 
repository, 

- Creation of the flexible technologies, capable to be adapted to changing conditions and 
requirements, including new types and structures of fuel, reactors of the third and 
fourth generations, high degrees of spent fuel burning out etc., 

- With recycling of all the fissionable products (reducing the proliferation risk) and thus, 
as a final result, a better public acceptance of nuclear power.  

These key issues are at the cornerstone of various national and international initiatives 
launched to further develop advanced fuel cycles such as: 

• The INPRO initiative and the multinational approach (MNA) of the fuel cycle as 
proposed by the IAEA; 

• The programs launched by the USA such as the Advanced Fuel Cycle Initiative,  

• the GENERATION IV International Forum,  

• The Russian initiative on the creation of multilateral centers for the provision of 
nuclear fuel cycle services  

• The USA initiative “Global Nuclear Energy Partnership”; 
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• The R&D undertaken in the framework of the French 2006 legislation on the 
management of spent fuel and nuclear waste, 

• The Fast reactor Cycle Technology development (FaCT) project in Japan. 

These initiatives are driving the R&D on various advanced separation methods aiming at 
addressing the following goals: 

• Enhanced sustainability and proliferation risk reduction with the emergence of new 
processes allowing for the co-management of U and Pu (and possibly U-Pu-Np), 
allowing for further optimization of the repository capacity and reduction of the 
potential radio-toxicity of waste for disposal;  

• Possible separation and heterogeneous recycling of minor actinides, and/or some of the 
long lived fission products which might be released on the long run in repository 
conditions. The release, if any, will depend on their solubility in the reducing or 
oxidizing conditions that will prevail in the underground site;  

• Prospect to achieve a group separation and recycling of actinides in fast neutrons or 
Accelerator Driven Systems (ADS). 

2.3. Advanced reprocessing options 

Various processes under development (or already existing), can be sorted according to their 
stage of maturity into 6 different categories: 

(1) PUREX process implemented in Generation 2 facilities as the standard and mature 
technology that is currently implemented in industrial scale facilities (in France, Japan, 
UK, Russia, India). 

This technology is addressing two major goals: 

• Reduction of the volume and radiotoxicity of High Level and Long-lived Waste 
(restricted to fission products and Minor Actinides). In the current waste 
management strategy, such High Level and Long-Lived Waste is usually 
conditioned by vitrification in a glass matrix, 

• Sustainable development of nuclear power: closing the fuel cycle is allowing for 
the recycling of plutonium in MOX fuel (UO2-PuO2) and RepU (reprocessed 
uranium) either in LWRs or in Fast Reactors. 

(2) Evolutionary technologies (Generation 3 facilities) based on aqueous separation 
methods aiming at a co-management of U and Pu (or U-Pu-Np). These processes, with 
performances that have already been successfully tested, are therefore ready for 
industrial implementation. 

Such processes have the following key features: 

• Enhanced proliferation resistance allowing for new global security standards to be 
based on a “no pure plutonium” approach and an integrated site or facility for used 
fuel reprocessing and fresh fuel re-fabrication (limited fuel transports and storage 
needs), 
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• Flexibility to allow for the fabrication of MOX fuels both for LWRs and FBRs, 
and to treat a wide spectrum of fuel types (legacy fuel stored for decades, “newly” 
discharged fuels, fuels with high fissile isotopes content as it is the case with 
MOX fuel, very high burn-up fuels, etc…), 

• Enhanced MOX fuel performances (very homogeneous fuel fabricated),  

• Selective separation of some minor actinides and/or fission products. 

These evolutionary processes are also able to address the increasing worldwide needs for a 
large spent fuel reprocessing facility acting as a “Regional center” in the framework of the 
multinational approach that the IAEA is proposing for the nuclear fuel cycle. 

(3) Aqueous processes using new extractant molecules with two possible options for 
actinides separation: 

• Selective separation of Minor Actinides (MA) for interim storage, pending for a 
decision regarding their transmutation in heterogeneous recycling mode either in 
Fast Reactor (blankets) or in Accelerator Driven System. (DIAMEX-SANEX in 
France, TALSPEAK in US, TOGDA in Japan).  

• Group actinide separation using an integrated fuel cycle (online fuel reprocessing 
and re-fabrication) with the prospect of their homogeneous recycling in Fast 
Reactors (GANEX in France, UREX+ in US, NEXT in Japan). 

(4) Innovative methods based on pyrochemistry allowing for the reprocessing of different 
types of highly radioactive fuels as metals, carbides, oxides, or nitrides, with a high 
content of fissile materials (fabrication of dedicated fuels for transmutation purposes 
or MA targets), or fuels with a high burn-up.  

The attractive features of inorganic media (high temperature salts or liquid media) are: 

• Their low sensitivity to radiation effect (as compared to organic solvents currently 
used in hydrometallurgy) allowing theoretically for “early” reprocessing of hot 
fuel after discharge). 

• Their low criticality risk relative to aqueous methods (absence of water which is a 
very efficient medium for neutron thermalization).  

• Their potential ability to dissolve in ionic liquids (especially to dissolve refractory 
compounds as envisaged in innovative fuels for GENERATION IV reactors such 
as Very High Temperature Reactors (VHTR), Gas-cooled Fast Reactors (GFR) or 
advanced sodium cooled fast reactors (SFR).  

These innovative “dry” methods are also perfectly suitable for the reprocessing of liquid fuel 
as designed for molten salt reactors (another reactor concept investigated in the framework of 
the GENERATION IV international Forum). 

The Pyrochemical methods can also deal with metallic fuels in which sodium thermal bonds 
are used (fuels which cannot be reprocessed using aqueous technology).  
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However, some key issues concerning these methods have to be further assessed and 
demonstrated: 

• Economic competitiveness, 

• Ability to implement in series (and on large scale) in the same fuel 
reprocessing facility the required steps of the process, 

• Expected compactness of the process,  

• Management of secondary waste, 

• Efficiency of actinide recovery and purification. 

(5) Combination of hydro and Pyro-processes. 

Although some of these methods might take benefit from the intrinsic advantages of each of 
the two types of processes, their efficiency is affected by a discontinuity between the two 
steps in the process. Moreover, the attractive feature regarding the compactness and flexibility 
associated with pyrochemistry is somewhat lost on the overall hybrid process.   

(6) Other innovative processes (technological gap to be implemented to achieve industrial 
scale) such as: 

• Processes using Freon fluid or supercritical CO2 extraction 
• Processes based on chromatographic methods 
• Processes using precipitation methods 
 

All these processes, described in the Table 1 (with Table sections 1–6) below, are obviously 
aiming at reducing the long-term environmental burden of nuclear energy through more 
efficient disposal of waste materials. They are sorted out by order of maturity in scale 
development (the latter ones being very innovative and still at the level of Lab-scale 
development) or even just national concepts. The technical and commercial feasibility of the 
latter concepts have not been proven and the processes must be regarded as speculative. 
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3. RESEARCH AND DEVELOPMENT (R&D) IN SUPPORT OF  
ADVANCED REPROCESSING OPTIONS 

3.1. Major actinides separation technologies 

Three types of technologies are considered here: 

− Hydrometallurgical processes (aqueous technologies) as the reference route nowadays for 
industrial scale spent fuel reprocessing. They have a high potential of optimization to 
further address minor actinides, global actinides or fission products partitioning. All these 
issues will be covered in different sections of this TECDOC (Sections 3.2, 3.3, 3.4 
respectively). 

This is the only mature process (fully closed cycle) to deal both with: 

• The separation of major actinides such as U and Pu; 

• The treatment and conditioning of ultimate waste for long-term storage. 

The processes derived from PUREX are able to deal with a large variety of spent fuels 
(oxides, carbides, nitrides) whatever are the nature and shape of the fissile composite. They 
can also be adapted to the co-laminated fuel (U Mo, U Si, U Al, Pu Al). 

− Pyrometallurgical processes (non aqueous technologies) as another promising R&D route 
for the reprocessing of: 

 Metallic fuel (electro refining process); 

 Very radioactive fuels (early-processing of spent fuel) or fuel with a high content of 
minor actinides (transmutation fuels for ADS targets in heterogeneous recycling 
mode, or fuels assemblies dedicated to transmutation in fast systems in homogeneous 
recycling mode)  

These methods are also aiming at the global actinide separation. This issue is addressed in a 
specific section of this TECDOC (3.3). 

− Other non-aqueous technologies: this section is dealing with a fluid (CO2 or Freon) 
dissolution and extraction process, fluorination, etc... 

The fourth section of this chapter is an attempt to review the R&D status of non aqueous 
processes by fuel type. 

3.1.1. R&D on Hydrometallurgical processes (Aqueous technologies) in some countries 

United Kingdom 

A novel de-cladding and dissolution process is being developed in the United Kingdom 
(U.K.) for direct dissolution of LWR fuel and cladding by contact electrolysis by British 
Nuclear Fuels Ltd (BNFL).  

Direct conversion of the nitrate product to UO2, PuO2, and/or (U, Pu)O2 is also being 
investigated, using direct thermal denitration in BNFL. 
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Dissolution of powdered fuel is also attracting some interest. Dissolution of powdered fuel 
has two rationales. It can increase the dissolution rate, which means that large scale 
dissolution can be achieved without serious problem with regard for example to safety-
criticality criteria (provided that issues such as the handling of powdered fuel and the 
development of sufficiently efficient off-gas treatment systems can be overcome). In addition, 
a more concentrated heavy metal solution can be produced in the dissolver, which facilitates 
the crystallization of uranium at temperatures above 0oC. 

Japan 

Considerable work has been launched in Japan to enhance the efficiency of material 
separation and purification (see also attached country report for Japan). The addition of a 
crystallization step for plutonium separation is being developed by Japan Atomic Energy 
Agency (JAEA). Direct conversion of the nitrate product to UO2, PuO2, and/or (U, Pu)O2 is 
also being investigated, using direct thermal denitration (JAEA).  

Valuable work is related to a study on solvent washing reagent of Butyl amine compounds in 
PARC process as propose by JAEA [56].  

France 

Among the many subjects under consideration to minimize the volume of secondary waste, 
the use of salt-free reagents has been widely investigated. An example is the study by the 
Commissariat à l’Énergie Atomique (CEA, France) of the catalytically-mediated denitration 
of highly concentrated nitric acid solutions (see also attached country report for France).  

Another important issue regarding the separation of major actinides is to progressively 
implement on GENERATION III reprocessing plants a co-management (co-extraction/co-
conversion) process of uranium and plutonium (no pure plutonium in the system), and to 
integrate the separation and fuel re-fabrication stages to end up with MOX fuel. 

This is the base of the design of GENERATION III evolutionary reprocessing plants (as 
developed for instance in France along with the so-called COEXTM process). This process has 
very key promising features:  

− A large capacity of spent fuel reprocessing (in the range 2000 to 3000 t/year with 
therefore real potential to further reducing the reprocessing cost and to address the 
increasing spent fuel reprocessing needs worldwide which could be dealt with through 
“Regional centers” in the framework of a multinational approach of the nuclear fuel cycle 
as proposed in  reference 1). 

− A co-management of U & Pu (allowing for new security standards worldwide based on 
“no pure plutonium” in the fuel cycle, and enhancement of MOX fuel performances).  

− A design adapted to treat a wide spectrum of fuel types (legacy fuel stored for decades, 
“Early” reprocessing of newly discharged fuel, fuels with high fissile isotopes content as it 
is the case with MOX fuel, very high burn-up fuels). 

− Integration on same site and facility of spent fuel reprocessing and fresh fuel re-
fabrication (limited fuel transports and storage needs). 
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− Enhancement of the flexibility in material management. 

− Process allowing for the implementation of the future needs (e.g. separation of minor 
actinides, fission products). 

Russian Federation 

Direct conversion of the nitrate product to UO2, PuO2, and/or (U, Pu)O2 is also being 
investigated in Russia by plasma chemistry (Khlopin Institute), or ammonia co-precipitation 
(Bochvar Institute; See also the attached country report for Russia). 

R&D studies are also ongoing in Russia at the Khlopin Radium Institute to investigate other 
options to optimize the Purex process. The goal is to look for the recovery of bulk U, and then 
U+Pu concentrate for future recycling in fast reactors. The partitioning of FPs (and MA) is 
also envisaged for subsequent solidifications in universal Zr-matrix. This process includes 
SNF thermochemical destruction in nitrogen atmosphere (with T-elimination), oxidizing 
treatment by heating-up in nitrogen dioxide atmosphere, extraction from highly-concentrated 
solution.  The expected advantage of this process is to further reduce the liquid radwaste. One 
should also mention the interesting results on the REPA-process as developed by the Bochvar 
and Khlopin Radium Institutes allowing for SNF thermochemical destruction, followed by 
oxidizing and re-crystallization, conversion of fuel to nitrates and production of concentrated 
solution, uranium separation by a crystallization method, and mother solution extraction 
reprocessing with simultaneous partitioning of (U + Pu), TRU and rare earths, and Cs / Sr. 

3.1.2. Pyrometallurgical processes (non aqueous technologies, the “dry route”) 

Application of dry technologies could become an important new trend in some part of the 
backend fuel cycle area. With the recent interest in the technical possibility of transmuting 
actinides in GENERATION IV reactors, some pyrochemical methods of spent fuel 
reprocessing have been revisited at some R&D centers.  

GENERATION IV nuclear systems are currently the subject of numerous innovative reactor 
concepts and fuel designs including a wide range of materials (oxides, carbides, nitrides or 
metals) in the form of pins, particles, filaments or even molten actinide salts. For the 
reprocessing of some of these very innovative fuel concepts, pyrometallurgical processes have 
attractive features to be further investigated: 

• Their low sensitivity to radiation effect (as compared to organic solvents currently 
used in hydrometallurgy) allowing theoretically for “early” reprocessing of hot fuel 
after discharge), 

• Their low criticality risk relative to aqueous methods (absence of water which is a 
very efficient medium for neutron thermalization),  

• Their potential ability to dissolve ionic liquids, especially to dissolve refractory 
compounds as envisaged in innovative fuels for GENERATION IV reactors such as 
Very High Temperature Reactors (VHTR), or Gas-cooled Fast Reactors (GFR).  

3.1.3. Exploratory R&D on non- aqueous innovative processes 

Another important effort at the Khlopin Radium Institute and JAEA is devoted to exploratory 
R&D devoted to the spent fuel reprocessing by fluid-extraction. 
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The process of SNF dissolution in fluids (CO2 or Freon) is based on the PUREX-process with 
TBP as extractant. The essential distinction of fluid process from PUREX-process consists in 
combining of SNF dissolution and U & Pu extraction, which should allowing for a 
considerable reduction (up to 30 times) of the secondary waste volume. The decreasing 
number of required operations and the reduction of radioactive waste volume should further 
improve the economics of SNF reprocessing. 

The main drawback of CO2 as a medium for SNF reprocessing is a high operating pressure 
(7 MPa instead of 1.2 for liquid Freon).  

Non-aqueous process of SNF dissolution and extraction of actinides called for developing 
their non-aqueous stripping from TBP solution. Sorption of actinides on ammonium salts of 
carbonic and oxalic acids with complexing agent were investigated as non-water stripping 
process. 

The potential of fluid process has been demonstrated using simulated spent nuclear fuel 
(RBMK, WWER, fast reactor fuel) for liquid CO2 and Freon and real spent nuclear fuel 
(RBMK, WWER) for liquid CO2. 

3.1.4. Status of R&D on non aqueous processes by fuel type 

It is most convenient to survey the new non-aqueous reprocessing technologies under 
development in terms of the fuel type to which they could be applied, recognizing that some 
processes are applicable to more than one fuel type. 

3.1.4.1. Oxide Fuels  

Russian Federation 

Russian Federation scientists at the Research Institute for Atomic Reactors (Dimitrovgrad) 
have developed and demonstrated a process known as DDP (Dimitrovgrad Dry Process) for 
the reprocessing of fast reactor oxide fuel. In their process, which is essentially an electro-
winning process, spent oxide fuel is de-clad and fragmented. The powdered fuel is placed in a 
pyrocarbon vessel containing a molten mixture of alkali chloride, for instance, NaCl-CsCl, at 
about 630oC. The fuel is chemically or electrochemically dissolved and the UO2, present in 
large excess, is deposited at the cathode, together with a small amount of noble metal fission 
products, which are subsequently removed by electrolysis. A chlorine/oxygen gas mixture is 
then sparged through the vessel to form chlorides and oxychlorides (such as PuO2Cl2) of the 
actinide elements. The salt is then electrolyzed to recover uranium and plutonium. The 
electrolysis process, typified by the reaction PuO2

2+ + 2e- = PuO2, results in the co-deposition 
of uranium, neptunium and plutonium oxides at the cell cathode and liberation of chlorine at 
the anode. Some contamination of the deposit with americium and curium occurs. The 
balance of the americium and curium remains in the salt bath. An extra electrowinning step is 
then introduced to recover the minor actinide oxides together with remaining uranium oxide. 
The cathode deposits in both cases are separated from adhering salt by washing with water. 
The recovered mixed U-Pu-Np oxides are incorporated into fresh fuel rods by vibratory 
compaction. Recycling of some oxide fuel elements in the BOR-60 reactor has been 
accomplished. The minor actinide oxides are presumably available for transmutation as 
appropriate (see also the attached country report for the Russian Federation). 
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United States of America 

Workers at the Argonne National Laboratory are studying a pyrochemical processing method 
for reprocessing of spent LWR oxide fuel. After de-cladding and crushing, the fuel powder is 
placed in an electrochemical cell in which the fuel and fission product oxides are reduced to 
the metallic state by electrolysis in a LiCl bath containing 1 wt.% Li2O and operated at 650oC. 
Oxygen is liberated in the process and the reduced metals are collected in the cathode basket. 
This basket becomes the anode in the next step, where uranium is extracted by an 
electrorefining process. The metallic uranium is deposited on a solid steel cathode, and the 
uranium is recovered by melting at reduced pressure to volatilize off any adhering LiCl. The 
transuranic elements, and all but the noble metal fission products, are anodically dissolved in 
the electrorefining process and remain in the LiCl electrolyte salt.  The transuranics (and a 
quantity of the remaining uranium) can be recovered in a liquid cadmium cathode, collecting 
about 3-5 kg of TRUs per batch. Alternatively, an electrowinning process could be used to 
extract the transuranics after the electrorefining step to recover uranium. The oxide fuel 
reprocessing process (now known as the PYROX process) is at a very early stage of 
development, but experiments have shown the technical feasibility of the various steps. The 
principal concern with the process is the need to deal with a large amount of uranium that has 
little value except as a fertile material for use in fast breeder reactors (see also the attached 
country report for the USA). 

Republic of Korea 

The Korea Atomic Energy Research Institute (KAERI) at Taejon is studying the application 
of a chemical reduction process using lithium metal to prepare spent LWR oxide fuel for 
disposal. (Reprocessing is currently circumscribed in the Republic of Korea.)  Their fuel 
conditioning process would greatly reduce the volume of the material to be disposed in a 
geologic repository and could provide a front-end process for a partitioning and transmutation 
system known as HYPER that is currently under development. For over ten years, KAERI 
have been developing the DUPIC process for direct recycling (without chemical processing) 
of  spent PWR fuel in CANDU reactors. If discharged at relatively low burnup, the PWR fuel 
is still sufficiently enriched in fissile material (about 0.6% Pu and 0.9% 235U) for use in the 
CANDUs. In the DUPIC process, the PWR spent fuel cladding is punctured and the fuel rod 
is heated to high temperature under a partial pressure of oxygen. The conversion of UO2 to 
U3O8 results in volume expansion and pulverization of the fuel material, and efficient 
removal of the volatile fission products.  The remaining powder is then pressed and sintered 
to form CANDU-sized fuel pellets.  The DUPIC process is much simpler than conventional 
wet-chemistry techniques for reprocessing, and promises to be cheaper. It presents a 
significant anti-proliferation benefit as well, since non-volatile radioactive fission products 
and fissile material are not separated. In addition, since the heat load of spent DUPIC fuel is 
similar to that of the original spent LWR fuel, disposal requirements do not increase. The 
limitation of the process is the motivation of PWR operators to reduce fuel cycle costs 
through increased fuel burn-up, which reduces the CANDU recycle value of the uranium in 
the spent PWR fuel. 

3.1.4.2. Metallic Fuels  

United States of America 

When the Clinch River Breeder Reactor Project in the USA was cancelled in 1984, among the 
reasons given for the decision to terminate the project were the high costs of fast reactor fuel 
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aqueous reprocessing and the proliferation issues associated with such reprocessing. 
Accordingly, Argonne National Laboratory proceeded with the development of a low cost, 
proliferation-resistant process for treating fast reactor metallic fuels, as part of the Integral 
Fast Reactor development program. By 1987, process development had converged on an 
electro-refining method in which metallic fuel pins were chopped and the fuel pin segments 
placed in a stainless steel mesh basket that became the anode of an electro-refining cell using 
a LiCl-KCl electrolyte. Application of a potential of less than one volt between the anode 
basket and the simple steel rod cathode results in anodic dissolution of the constituents of the 
spent fuel (except for the noble metal fission products, which will not form chlorides under 
these conditions and remain at the bottom of the anode basket). Uranium is electro-
transported from the salt to the steel cathode at a rate of 3 grams per ampere-hour of charge 
passed. The transuranic elements will not deposit at the steel cathode as long as the TRU:U 
ratio in the salt is less than 100 or so, due to the higher stability of the TRU chlorides relative 
to UCl3, and the resultant tendency for the back reaction such as Pu + UCl3 = PuCl3 + U. 
Recovery of the transuranic elements requires the use of a different cathode, one in which the 
TRUs deposit as intermetallic compounds with cadmium in a crucible containing liquid 
cadmium that is suspended in the electrolyte salt. Collection of several kg of transuranics is 
possible, corresponding to a loading in the cadmium of about 50 volume % (i.e., greatly 
exceeding the solubility of these materials in Cd).  Deposition of the transuranics is 
accompanied by a certain amount of uranium, depending upon its concentration in the salt. A 
mixture of 70% transuranics, 30% uranium and 5% lanthanide fission products is typical. 

A modified version of the electro-refining process is being used in the reprocessing of 
Experimental Breeder Reactor II in Idaho (EBR-II) fuel and blanket elements for disposal. 
Because this reprocessing is for the purpose of waste management and eventual repository 
disposal of the high level waste, only uranium is being recovered in the course of the 
reprocessing (i.e., the liquid cadmium cathode is not utilized). The EBR-II fuel at discharge is 
about 57% enriched, and the uranium deposits are melted together with depleted uranium to 
down blend the product to less than 20% enrichment so that it can be stored under the 
category of low enriched uranium (LEU). The transuranic elements are left in the electrolyte 
salt, which will be periodically removed to produce a composite glass-ceramic waste form 
containing the TRUs and the active metal fission products. The noble metal fission products 
that remain in the anode basket are combined with the cladding hulls and melted together to 
form a metallic waste form for disposal.   

Argonne scientists have developed two electro-refiners that are being used for the 
reprocessing of EBR-II fuel (~1.5 t) and blanket (~29 t). The highly enriched driver fuel is 
processed in an electro-refiner with a batch size of 20 kg, whereas the depleted uranium 
blankets are processed in an advanced low-resistance electro-refiner with a 350-kg capacity. 
Both systems are being operated successfully, and the process of spent fuel reprocessing will 
continue for several more years. Even though there is very little fission product content in the 
blanket fuel, there is a significant quantity of plutonium present, and it may be necessary to 
remove the plutonium from the electro-refiner electrolyte salt before the fission product 
content reaches a level that would be appropriate for salt removal. 

Japan 

Workers at the Central Research Institute of the Electric Power Industry (CRIEPI) in Japan 
have followed a similar path and have performed work on actinide/lanthanide extraction in 
molten chloride and liquid metal (Cd,Bi) media by electro-deposition and liquid-liquid 
extraction on uranium oxide fuel.  
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Germany 

Similar work has been done in Germany with U-Pu extraction at the European Union’s 
Institute for Transuranium Elements in Karlsruhe, Germany.  

France 

Scientists at the CEA Marcoule laboratory are conducting studies with liquid metal cathodes 
and with reductive extraction processes. 

3.1.4.3. Coated-particle fuel 

Future gas-cooled reactors will almost certainly utilize TRISO-coated fuel. This fuel consists 
of fuel (UOX, MOX, U-Th oxides, etc.) microspheres, 50 to 300 μm in diameter with 
successive coatings of porous carbon, pyrolytic graphite, silicon or zirconium carbide, and a 
final outer coating of pyrolytic graphite. The overall particle diameter is of the order of 
800 μm. If the fuel is to be reprocessed (and requirements on radiotoxicity reduction may 
mandate such reprocessing), these coating layers must be removed in order to provide reagent 
access to the fuel material. Both aqueous and non-aqueous processes are being developed, 
initially in concept only, for the reprocessing of these fuels.   

The development of the processing technology for TRISO fuels can build to some extent on 
experience gained during the 1970s, when a process involving burning of the outer layers of 
graphite was developed. The fuel particles were crushed by passing through a set of steel 
rollers, exposing the fuel material for dissolution by nitric acid. The balance of the process 
followed a standard Purex flowsheet. Considerable problems were posed by off- gas handling, 
and recovery efficiencies were not particularly high.   

Non-aqueous processes now being studied for application to the reprocessing of TRISO fuel 
include fluoride and chloride volatility processes, carbo-chlorination processes, and direct 
electrochemical dissolution. A problem common to all of these conceptual processes is the 
disposition of the large amount of carbon and silicon remaining from the processing of this 
fuel. Waste volumes can be very large, even though the fuel burn-up capability might be quite 
high. France and the United States of America are presently collaborating on the evaluation of 
TRISO fuel reprocessing processes, and there may be other collaborative efforts in the 
future [57]. 

3.1.4.4. Other fuel types  

A variety of different non-fertile fuels are being considered for use in partitioning and 
transmutation systems. Fuels currently under study are metallic (alloy of TRU with Zr), 
nitride cercer (dispersion of TRU nitrides in an inert matrix such as ZrN), oxide cercer 
(ceramic-ceramic; dispersion of TRU oxides in inert ZrO2 or MgO), cermet (ceramic-metal; 
dispersions of TRU oxides or nitrides in a metal matrix such as Zr), and carbide cercer 
(dispersion of TRU carbide in SiC). The high content of transuranics in these fuels, together 
with the high zirconium content in many of them, tends to favor non-aqueous reprocessing 
methods. 

The development of processes for reprocessing of these fuels is just beginning, and it is a 
fertile area for international collaboration. There are already some indications that direct 
molten salt electro-refining is technically feasible for the metallic alloy fuel and for the nitride 
cercer fuel (ceramic-ceramic). A similar process for the carbide cercer is problematic because 
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the liberated carbon would foul the electrolyte. Non-aqueous processing may be necessary for 
the TRU oxide dispersion in ZrO2, and might involve a fluoride or chloride volatility process. 
An even more complex non-aqueous process is envisioned for the reprocessing of the cermet 
fuels (ceramic-metal). In the USA, the program for partitioning and transmutation has set a 
date of 2006 for selection of processing methods for specific fuel types. 

3.1.4.5. Waste management scheme for pyrochemical process 

In a reference pyrochemical process, the active metal fission products (Cs, Sr, etc.) will reside 
in the electrolyte salt together with trace amounts of actinide elements. The transition metal 
fission products will remain in the anodic dissolution baskets together with the cladding hulls. 
So, there are two waste streams to deal with: one salt and one metal. Because a chloride salt is 
not amenable to vitrification, a natural chloride-bearing mineral, sodalite (NaAlSiO4.NaCl) 
equivalent is synthesized by mixing the fission product-loaded electrolyte salt with a zeolite 
(Zeolite A, Na12Al12Si12O48) and heating to temperatures near 900°C. The synthesis is 
catalyzed by the presence of borosilicate glass frit, which also serves to encapsulate the 
sodalite particles, providing an additional barrier to radionuclide release. As is the case with 
vitrification of high level waste, the fission product loading of the waste form is constrained 
by the limiting centerline temperature of the waste form and the total heat generation per unit 
area acceptable in the high level waste repository or interim storage site.  The metallic waste 
stream generated by melting the baskets together with the metallic fission products and the 
cladding hulls is used to produce a corrosion-resistant metal alloy. This alloy is dependent in 
composition on the nature of the cladding material, which dominates the mass of the waste 
form. A metal waste form based on stainless steel cladding hulls has shown a release rate for 
technetium that is several orders of magnitude less than the release of technetium from spent 
LWR fuel [58], [59]. 

3.1.4.6. Future goals 

Dry technology is also finding its way in some complementary processes of the conventional 
wet technologies. For example, wet decontamination in the conventional fuel fabrication plant 
has now been largely replaced with dry methods to reduce liquid waste and subsequent 
treatment processes. 

3.2. Minor actinides separation 

3.2.1. Aqueous processes 

Most processes are developed to separate minor actinides in the raffinate of the PUREX 
process (either using the standard PUREX or a slightly modified PUREX process) [60]. 

Minor actinide processes under investigation can be classified into two categories: one-step 
and two-step processes. 

• One-step processes 

Three liquid-liquid extraction processes are under development to recover the trivalent 
actinides (Am, Cm) in only one step: one process in France (the one step DIAMEX-SANEX 
process of CEA), and two processes in Japan (the 4-group partitioning process and the 
SETFICS process of JAEA). They are all based on the same principle: a selected extractant 
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(DIDPA1 for the 4-group partitioning process, CMPO2 for the SETFICS process and a 
synergetic mixture of malonamide and HDEHP3 for CEA) loads all the minor actinides and 
lanthanides in an organic phase. Transuranic elements are then successively stripped from the 
solvent by complexation with a carboxylic acid (DTPA4). 4-group partitioning and DIAMEX-
SANEX processes have been tested on genuine raffinate from the Purex process with some 
success. 

In the traditional Purex process, Np is partially contained in the Pu/U products from the first 
solvent extraction cycle. However, it is a challenge to make almost all of the Np extractable 
with Pu. The precise valence control of Np is a key issue for efficient recovery of Np.  

The separation of Np is currently investigated in France (COEXTM process) and Japan (NEXT 
process by JAEA) on the basis of a modified PUREX process for the Co-extraction of Np 
with Pu or Np with U-Pu. The process feasibility has been tested in laboratory scale with 
success (‘hot’ experiments performed).   

Worthy of note is the UNEX process developed cooperatively by the USA and Russia for the 
treatment of high-level sodium bearing liquid waste. It uses a mixture of cobalt dicarbollide 
and CMPO to co-extract caesium, strontium and the actinides. The components are then 
stripped selectively by specific washing solutions. The process concept has been tested with 
real waste and its application to LWR spent fuel reprocessing is under study. 

• Two-step processes  

Two-step processes typically extract trivalent actinides and lanthanides together from the 
Purex raffinate and then perform a specific separation between the actinides and lanthanides. 
If necessary, a third step can be performed to separate americium from curium. 

Co-extraction of the actinides and lanthanides can be achieved by several means. The TRUEX 
process uses CMPO to extract actinide and lanthanide salts from acidic feeds. Some 
difficulties arise with the stripping of the metal ions. The DIAMEX process uses malonamide 
to extract actinide and lanthanide salts from acidic feeds. Malonamide is a robust extractant 
like TBP. It is resistant to hydrolysis and radiolysis degradation and has the other advantage 
of being fully degradable into volatile organic compounds. The process has also been tested 
with real high-level liquid waste by the Transuranium Institute and CEA, with encouraging 
results. Technical feasibility of the DIAMEX process has been demonstrated using 15 kg of 
spent fuel in ATALANTE facility in 2005. The TRPO process is based on a family of tri-
alkyl phosphine oxide extractants (R3PO). Tested with success on genuine high level liquid 
waste, its main drawbacks are the need to adjust the acidity and then back-extract with highly 
acidic solution. 

Actinide/lanthanide separation is being investigated in the US, France and Japan using several 
techniques. The TALSPEAK process (US) was developed in the 1960s. After the loading of 
                                                 
1 DIDPA: Di-IsoDecylPhosporic Acid 

2 CMPO: di-isobutylphenyloctyl CarbamoylMethylPhosphineOxide 

3 HDEHP:  Di-EthylHexylPhosphoric acid 

4 DTPA: Di-ethyleneTriaminoPentaAcetic acid 
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HDEHP solvent with the mixture of An(III) + Ln(III), An(III) is stripped selectively under the 
action of an aqueous solution containing DTPA and a hydroxycarboxylic acid (e.g., lactic, 
glycolic or citric acids). The TALSPEAK process is very efficient but very sensitive to the 
feed acidity. A synergistic mixture made of the terdentate N-ligand, 2-(3,5,5-
trimethylhexanoyl-amino)-4,6-di(pyridin-2-yl)-1,3,5-triazine (TMAHDPTZ) and octanoic 
acid was developed in France and tested on genuine solutions. It is also very sensitive to feed 
acidity. 

The CYANEX 301 process (Japan) is based on the use of acidic sulphur-bearing extractants 
(R2PSSH, dialkyldithiophosphinic acid). It has already been tested on genuine solutions and 
showed a high efficiency for An/Ln separation. The process is, however, very sensitive to 
feed acidity and generates a sulphur-bearing waste that can be difficult to manage. The 
ALINA process is an evolution of the CYANEX process, developed to allow the use of a 
higher feed acidity. It uses a combination of bis(chlorophenyl) dithiophosphinic acid and tri-
n-octylphosphine oxide (TOPO). The problem with sulfur-bearing waste remains. 

The SANEX process has been tested successfully with real high-level liquid waste at CEA 
and ITU. It uses the family of bis-triazinyl-1,2,3-pyridine (BTP) extractants to enable high 
separation factors even with feed acidity as high as 1 M. This family of molecules (developed 
by Dr. Kolaric, FzK-Karsruhe, in the framework of the NEWPART European collaborative 
program) is providing very efficient extracting agents and remaining selective towards An(III) 
in highly acidic conditions ([HNO3] 0.2 mol/L). 

The main drawback of the process is the poor stability of the BTP molecule. Numerous 
studies are ongoing to improve its robustness against hydrolysis and radiolysis in the 
framework of the European EUROPART program. 

• Americium/curium separation 

Most of the processes under development for the separation of americium from curium are 
based on the ability to oxidize americium to a valence higher than three while curium remains 
unaffected in the (III) state. In the SESAME process, americium is oxidized to Am(VI) by 
electrolysis (France) or ammonium persulphate (Japan) in the presence of heteropolyanions to 
stabilize intermediate valence states. One important drawback is the bad chemical stability of 
Am(VI) in the TBP and nitric acid environment, thus lowering the recovery yield of Am(VI) 
extraction.  

France has developed a liquid-liquid extraction for the separation of Am from Cm using a 
malonamide. The scientific and technical feasibility has been demonstrated in ATALANTE 
facility on a genuine solution. 

JAEA developed a process based on a laboratory technique known since the 1960s: 
americium is electrochemically oxidized to Am(V) and then separated from curium by 
precipitation of the double carbonate K5AmO2(CO3)3.nH2O. Unfortunately, the process works 
only in basic media. Workers in France and Russia are also investigating the selective 
precipitation of Am (V) ferricyanide from solutions containing curium and lanthanides. Low 
separation factor for Am/Cm requires a large number separation stages. 

3.2.2. Non-aqueous processes 

The liquid raffinate from the Purex process has been sent to a vitrification process for 
immobilization of the minor actinides (Np, Am, Cm) present in the high level liquid waste 
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stream, together with fission products, after calcination (as in the AVM process in France) or 
directly to the LFCM process (liquid–fed ceramic melter). With increasing emphasis being 
placed on reduction of the radiotoxicity of high level wastes destined for disposal in geologic 
repositories, renewed attention is being paid to the recovery and elimination of the minor 
actinides. Work is being done by CEA in France, for example, on the reductive extraction in 
molten fluorides by liquid aluminum as actinide/fission products [61]. 

3.3. Group actinide separation technologies 

The various nuclear systems (i.e. reactor concepts and associated fuel cycle) investigated in 
the framework of the GENERATION IV international Forum is addressing four main issues: 

• Sustainability, economic competitiveness, safety, and resistance to proliferation risks. 

Regarding the fuel cycle itself, the key driver is the sustainability in a broad sense, i.e.: 

• Conservation of natural resources, minimal environmental impact, and maximum 
resistance to proliferation risk. 

This is clearly visible in Figure 6, which indicates the variation in the quantities of residual 
heavy nuclei (an indicator of required disposal facility) and the quantities of natural uranium 
required for different scenarios (open cycle and water reactors, or closed cycles with fast 
neutron reactors). It has been firmly established that the most enhanced recycling options are 
the most effective with regard to sustainability criteria: 

• Full use of the energy-producing potential of uranium-238 and multiple recycling of 
plutonium in fast neutron reactors is, of course, the key to conserving resources; 

• Recycling plutonium and minor actinides is important to minimizing the residual 
fissile nuclide inventory, the potential harmfulness of the waste and its long-term heat 
production. 

 

Figure 6. Prospective elements (from GENERATION IV roadmap). 
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These observations thus suggest the first and most important fuel cycle concept: sustainable 
nuclear energy assumes recurrent, enhanced actinide recycling as shown in Figure 7. 
Although the options are still open concerning recycling scenarios or the number of trans-
plutonium elements to be taken into account depending on their inventory, properties, impact, 
and possible problems raised by recycling them, the main guidelines are now clear as 
indicated schematically in Figure 8. 

Having laid down the first orientation, other perhaps less obvious or less universally 
acknowledged orientations become apparent, highlighting some relevant issues: 

• The advantage of a single comprehensive management route for the recycled 
actinides, without the need for recovering each element individually: this should 
bolster recycling concepts with respect to proliferation risks (by reducing not only the 
“value” of the materials for potentially proliferating applications, but also their 
“accessibility” due to the presence of highly radioactive nuclides); this should simplify 
management processes for recycled materials, affecting the overall cost-effectiveness; 

• The advantage of adopting compact technologies and thus diminishing the capital 
cost; this aspect is particularly important if, as advocated in some quarters to avoid 
transporting large amounts of spent fuel, the “integrated site” option is selected with 
reprocessing collocated on the reactor sites (this approach could lead to units of 
smaller capacity but in larger numbers); 

• The importance of favoring “clean” technologies to minimize effluent discharges and 
secondary technological waste generation to a level as low as reasonably achievable. 

 

 

Figure 7. Schematic of the fuel cycle for future nuclear systems. 

NOTE: We are concerned here mainly with managing materials arising from the “uranium cycle”. The possibility of a 
“thorium cycle” has been considered: despite the potential advantages of such cycles in some respects (abundant 
natural resources, lower production of radiotoxic heavy nuclei) they have not received major support for the next 
generation of reactors (except in the molten salt reactor option, for which breeding could be considered with the 
thermal spectrum of thorium-232); this can be attributed primarily to the sustainability of uranium resources through 
the use of uranium-238, to the preferred option of recycling all the heavy nuclides and thereby diminishing the long-
term radiotoxicity of the residues, and to the extensive experience acquired to date with the uranium cycle. 
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Figure 8. Principle of grouped actinides management  

 

Again, there is a wide diversity of views on this issue. As already noted, the process cycle is 
closely related to the choice of fuel, and it is obviously too early to define precise options. 
Nevertheless, a few general guidelines can be identified on the basis of industrial experience 
as well as the results of ongoing research. 

The concepts advocating selective recovery of the actinides by virtue of certain “physical” 
properties have not met with the expected success in some respects. Although the idea to 
separate the heaviest elements (actinides) from the others (fission products) is attractive, only 
exploratory studies have been done so far, as for example: the ultracentrifugation at LANL, 
action of an electromagnetic filed on a plasma at LLNL. The objective of actinide group 
recycling could give a new impetus to the research in the field, but the technological gap to be 
filled is considerable. 

Conceptual work today thus tends to focus on the potentials of “chemical” processes, 
generally distinguishing between hydrometallurgical (aqueous route) and pyrometallurgical 
(dry route) processes. 

The “aqueous route” processes have accumulated impressive industrial experience: they 
implement mature technology and, as demonstrated by the results obtained with the PUREX 
process, ensure very high separation performance (recycled material recovery yield and 
purification factor) while generating only small quantities of technological waste. 

Moreover, these processes are highly adaptable—not only to the fuel characteristics but also 
to recycling specifications, as recently shown by studies of enhanced separation of minor 
actinides—and unquestionably have the potential for further development, particularly with 
regard to the compactness of the process equipment and the resulting operating cost reduction. 
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They thus constitute the reference route for developing “advanced” fuel cycle concepts for 
Generation IV reactors. 

The aim is to achieve co-management of total actinides from spent fuel dissolution to fresh 
fuel fabrication (integrated on same plant). 

This means that the characteristics of the separated products have to fit with the expected 
features of input materials for the fabrication step. This is definitely the challenge of such an 
integrated fuel cycle. 

The key R&D issues to further confirm the potentialities of hydrometallurgical processes for 
group actinides separation are the following: 

• Adapting the existing process to the characteristics of new fuels: this mainly affects 
the fuel dissolution step, as conventional reactants and dissolution conditions may not 
be appropriate for some “advanced” compounds; prior work with uranium carbides or 
nitrides has nevertheless shown that quantitative dissolution of these compounds is 
possible using the conventional PUREX process reagent (nitric acid), and that only 
minor changes are necessary in the operating conditions; 

• Adapting the processes to allow group management of the actinides: the objective is to 
find a means of extracting all the major and minor actinides collectively from the 
dissolution solution; this will involve developing suitable molecular architecture and 
flow sheets based on pursuing the “enhanced separation” process research of the last 
decade; the broad outlines of a concept of this type, known as GANEX, were recently 
proposed by the CEA [59] as seen in Figure 9: the preliminary step consists in 
extracting most of the uranium from the spent fuel; this is followed by group 
separation of plutonium and the minor actinides (neptunium, americium and curium) 
using a modified version of the DIAMEX-SANEX process developed in response to 
the 1991 radioactive waste management act; Promising research is also ongoing in 
Japan where JAEA proposed the ARTIST process [62] for spent fuel reprocessing. 
The separation process intends to recover actinides including U, Pu, Np, Am and Cm 
by utilizing amide extractants. The process recovers both U and the other actinides 
mixed products that will be stored for further treatment in the future. For recovery of 
uranium, a branched monoamide extractants will be used because it preferentially 
extracts U(VI) compared with Pu(IV) and enables selective recovery of uranium from 
dissolver solution. In order to recover other actinides after U recovery, a newly 
developed extractant TODGA is effective. If necessary, the actinides product without 
uranium will be treated with monoamide for Pu recovery and with other extractant for 
actinides(III)/lanthanides(III) separation. 

 
• Another major objective is to develop extractant formulations with increased 

resistance to radiolysis, opening the way to reprocessing fuel after minimal cooling; 
 
• Co-conversion of actinides is also a key issue to develop GENERATION IV fuel 

cycles. Considering different designs of nuclear fuels (e.g. mixed actinides pellets, 
composite compounds or TRISO particles, different co-conversion routes are 
investigated in France (CEA): co-precipitating techniques, sol-gel methods or resin 
impregnation [60]. 

38



 

 

• Finally, the technologies and their implementation constitute a decisive research area 
for developing more compact processes, whether through individual technologies 
(remarkable progress has already been obtained with the development of liquid/liquid 
contactors with short residence times) or through integration (progress in online 
monitoring has considerably simplified the architecture of industrial facilities). 

 

 

 
Figure 9. Group actinide extraction (GANEX concept).  

Pyrometallurgical processes are the main alternative to “aqueous” processes, and are the 
subject of a renewed development effort on an international scale. The generic principle of 
these processes consists in dissolving the elements in a bath of molten salts (chlorides, 
fluorides, etc.) at high temperature (several hundred degrees Celsius), then separating the 
desired species using various techniques such as liquid metal extraction, electrolysis or 
selective precipitation—all classic techniques, but implemented under particular conditions. 
These processes have raised interest mainly because of their ability to solubilize ionic liquids 
(to dissolve refractory compounds), the low radiation sensitivity of the inorganic salts used 
(making them theoretically suitable for “online” reprocessing of fuel immediately after 
unloading), the compact nature of the basic principle (with very few successive conversion 
steps before obtaining the recyclable end product), and their assumed suitability for group 
management of the actinides. In addition, this is the “natural”, irreplaceable process for online 
reprocessing of liquid fuel from molten salt reactors. 

These concepts have led to significant development work at the Argonne National Laboratory 
(USA) and at the RIAR Institute (Russian Federation) on metal and oxide fuels, respectively, 
up to and including the construction of pilot units that have been used for demonstration tests.  

Work is also being done on oxides fuels by CEA in France, for example, on the reductive 
extraction in molten fluorides by liquid aluminum as actinide/fission products [62]. This 
process is of particular relevance for innovative fuels or targets dedicated to minor actinides 
recovery for transmutation purposes. Such a process can also be adapted to carbide material 
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(envisaged as a good candidate for the fuel of GENERATION IV Gas Cooled Fast reactor 
concept) by adding an oxidation step for converting carbide into oxide. 

However, major uncertainties remain at this point, especially regarding their separation 
performance (in particular the actinide recovery factor), their implementation at industrial 
scale (secondary waste production, notably in view of the aggressive media and operating 
conditions) and the possibility to run in continuous mode for a high throughput. 

The main research objective in the area of pyrochemical processes will be to confirm the 
potential of these concepts for industrial-scale spent fuel recycling operations.  

Although very significant experimental and development work has been accomplished over 
the years, few results are available today concerning plutonium recovery—even fewer for the 
minor actinides—and spent salt management. Many options remain today open, concerning 
not only the reaction media (fluorides or chlorides, but also “room-temperature” ionic liquids 
which are currently a subject of significant interest) and the technologies involved (mainly 
electrolysis or liquid metal extraction). Exploratory investigations, laboratory studies, and 
technological developments have now been initiated or renewed by diverse research groups, 
spurred by the major advantages attributed to these concepts; the results that will become 
available in the coming years will be decisive for assessing their potential, for acquiring a 
better understanding of problem areas and thus orienting the subsequent development work—
which will require a substantial effort before reaching industrial maturity. 

Irrespective of the process implemented, the strategic orientations adopted for future fuel 
designs, and some of the fuel cycle scenarios considered all identify a number of topics that 
should be taken into account at this stage, even if their pertinence and importance will 
ultimately depend on the final choice of options. Examples include the following, with no 
attempt at exhaustiveness: 

• Concern for binding the fission products as intimately as possible to the fuel inside the 
reactor has resulted in elaborate fuel cladding or encapsulation schemes (particulate 
fuel, for example), and can affect the accessibility of recyclable materials during 
reprocessing; the new forms of fuel and new materials will require suitable 
deconstruction concepts; 

• Management routes must be developed for the matrix materials: depending on their 
abundance and the nature of the deconstruction processes, they could increase the 
complexity of recycling operations; 

• “Integral” recycling of the actinides produces potentially “cleaner” and less toxic 
ultimate waste forms, but results in “hotter” recycled fuel; hence the need for tele-
operable fabrication processes; 

• Special attention must be given to managing the fuel cycle effluents generated by 
some fuel options (carbon 14 with nitride fuel, for example) or layout decisions (more 
constraining liquid discharges in the event of recycling on the reactor sites); 

• According to some experts, the ultimate waste disposal cost could be diminished by 
eliminating the major heat-generating fission products (cesium-137, strontium-90; see 
Figure 10). Although this option is far from unanimously accepted because of the 
additional complexity it would imply in cycle operations, it is important to seek to 
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optimize the back end of the fuel cycle—notably with regard to cost effectiveness—by 
considering these possibilities together with the extra latitude available through 
interim storage. 

 

3.4. Fission and activation products separation technologies 

As mentioned in section 1.2.1, the long-lived radio-nuclides (β and γ emitters) of relevance 
for HLW repositories are: 

• Among the fission products (by order of decreasing half-life): 129I, 135Cs, 99Tc, 126Sn, 
79Se. 

• Among the activation products: 36Cl, 93Zr, 14C 

The relative radiological importance of these nuclides varies depending on the repository 
concept and geochemistry (oxidizing or reducing conditions) of the selected site [7]. The P&T 
strategies are currently focused on the most abundant long-lived radionuclides, i.e. 129I, 135Cs, 
and 99Tc5, and on those radionuclides that generate substantial heat in the process of 
radioactive decay (i.e. 90Sr and 137Cs). Figure 10 shows decay heat decrease over time for 
several radionuclide separation scenarios. 

 

Figure 10. Decay heat vs. time for various components of fuel cycle. 

Various processes for the recovery of these important fission products are under development.  

                                                 
5 In practice, only I-129 and TC-99 can be transmuted and the radiological impact of the other long-lived fission 
products can be reduced only by special conditioning and confinement.  The practicability of fission products 
transmutation is problematic at present. 
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Radioiodine can be recovered quite efficiently from the head end dissolution step preceding 
the Purex process, by sparging NOx through the dissolver solution and recovering in a sodium 
hydroxide solution. Workers in the USA are developing a process for precipitation of NaI 
from the NaOH solution, thereby preparing the target form for transmutation of the I-129 
present (the only radioactive iodine species in the off-gas from dissolution of spent fuel that 
has cooled for long times). The recovery of Tc-99 is somewhat more difficult, because even 
though technetium tends to co-extract with uranium, it also contaminates the plutonium 
product and the raffinate solution to some extent. In addition, approximately 10-20% of the 
technetium present in spent nuclear fuel remains in the insoluble residues following fuel 
dissolution.  

The French PUREX process implemented in La Hague with complementary extraction and 
scrubbing in the first 1CuPu cycle allows to recovering 99% of the soluble Tc from the 
dissolution solution. The Tc contained in the residues (and Tc from the1CuPu secondary 
raffinate) is vitrified together with the fission products from the raffinate. 

The UREX process of the USA employs acetohydroxamic acid (AHA) to suppress the 
extraction of plutonium by TBP; The presence of AHA may actually increase the proportion 
of Tc going to the HA raffinate by complexing the zirconium which otherwise also co-
extracts with Tc, and permits very nearly quantitative stripping of Tc from the uranium 
product by means of an anionic exchange resin.. Processes for the efficient conversion of the 
pertechnetate ion to technetium metal (the preferred target form for transmutation of 
technetium) are under development, and free-flowing technetium metal beads have been 
produced by pyrolysis of the resin in wet argon.  

In the ORIENT (Optimization by Removing Impedimental Elements) cycle proposed by 
JAEA (Japan), elements contained in spent fuel from FR are classified into 4 categories of 
routing, namely core fuel, vitrified waste, transmutation and low level waste, according to the 
property of reaction with neutron, radioactivity, fuel fabrication and vitrification [63]. As a 
result, actinides (U, Np, Pu, Am and Cm) and long-lived fission products will be recycled as a 
fuel. Fission products that have short half lives and are stable will be treated into low level 
waste other than vitrified waste. In the fission product recovery in the ORIENT cycle, 
innovative separation technologies are considered such as electrochemical, chromatography, 
electro-magnetic techniques. 

It may also prove advantageous in the future to extract metallic elements with high rates of 
heat generation from the wastes to be directed to a geologic repository.  Processes for 
extraction of cesium and/or strontium can be applied to the Purex raffinate. Japanese 
researchers have studied the use of inorganic sorbents, while extractants such as crown ethers 
(USA), cobalt dicarbollides (Czech Republic) and calix-crown ethers (France) have also been 
studied with some success. 

Some tests have been performed with success in France (2001) for the selective extraction of 
Caesium on a genuine solution (PUREX raffinate) using calixarene molecules with a recovery 
yield more than 99%. Similar results have been obtained in the U.S.A. for co-extraction of 
caesium and strontium. 

3.5. Alternative routes to transmutation: conditioning in an inert matrix   

In many cases, the necessity of an isotopic separation and difficulties in the target preparation 
present another important obstacle for the fission product transmutation. 
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Partitioning followed by conditioning (P&C) is an intermediate strategy towards P&T. For 
waste management purposes the separated Np, Am-Cm could  be mixed with a very insoluble 
matrix of the type Zirconolite, Hollandite and Perowskite known as "Synroc" and can be 
immobilized. Once in the embedded form, retrieval of the nuclides from the matrix is very 
difficult. Their solubility in geologic fluids is several orders of magnitude lower than 
conventionally vitrified waste.   

The transmutation of most of the long lived fission products is difficult to achieve. With the 
practically achievable neutron fluxes the most abundant fission products 137Cs and 90Sr, 
with half-lives of only about 30 years, are almost “non-transmutable”. However, since their 
radioactive life is limited to less than 300 years, they can be safely enclosed using engineered 
barriers.  

4. ISSUES AND CHALLENGES RELATED TO SPENT FUEL REPROCESSING 

The selection of a strategy for spent fuel management is a complex decision with many 
factors to be taken into account including technical issues associated with the composition of 
the domestic reactor fleet, national legal and regulatory framework, political and public 
acceptance, economics, and environmental protection.  

In the earlier period of nuclear energy development, a strategic priority was placed on 
assurance of fuel supply, which drove national policies of several countries to spent fuel 
reprocessing for fissile material recycle; and this thrust has persisted to this day in several 
countries, especially in those with poor fossil energy resources. In the seventies and eighties, 
this initial strategic priority began to wane because of sluggish growth in nuclear power for 
energy generation compounded with mounting concerns about nuclear proliferation and 
unfavorable economics.  This resulted in some countries choosing to turn to a once-through 
fuel cycle policy, declaring spent fuel as waste. Presently, about 30% of the global spent fuel 
inventory has been reprocessed, with the other fraction yet to be disposed or processed. The 
consequence has been a continuing increase in spent fuel inventory in various modes of 
interim storage. 

At the beginning of this 21st century, in a context of increasing fossil fuel prices and general 
concern about global warming, nuclear energy conservation is recognized as a key component 
of a more global energy policy and a cornerstone of sustainable development worldwide. As a 
result of these expectations, reprocessing technology is now expected to play an increasing 
role as a major option for optimizing the management of spent nuclear fuels by recycling 
fissile materials.  

Conventional reprocessing technology is expected to continue to play an important role in the 
medium term. The PUREX process has been progressively and continuously improved during 
the past three decades, and these improvements account for successful commercialization of 
reprocessing in a few countries. 

Notwithstanding the recent achievements made by the second generation of reprocessing 
plants, there are still a number of issues to be addressed in preparation of the forthcoming new 
generations (Generations III and IV) of facilities aiming at replacing the operating plants at 
the end of their life. 

The near- and medium-term challenges for reprocessing includes economic competitiveness, 
possibly through a combination of (1) higher economic value for the recycled products as a 
result of increasing uranium ores/conversion/enrichment costs, and (2) credits for enabling a 
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significant increase in the ultimate disposal capacity of geologic repositories by reducing the 
long-term heat load and radiotoxicity of the wastes. An additional challenge is the adaptation 
of current technologies and plants to meet more stringent national or international regulations, 
and, at the same time, to accommodate increasing demands for higher in-reactor fuel 
performance, such as higher discharge fuel burn-ups. The experience already acquired by 
existing facilities and their operators in criticality control, higher throughputs, lower 
emissions and working with high level radiation, allows them to be confident about the 
adaptability of their plants to future market and regulatory changes. 

As technical requirements change with time, efforts to enhance existing technology and to 
apply advanced technologies will continue. Several national or international initiatives have 
been launched in preparation for technical innovation in the next generation of power plants 
and fuel cycle facilities, looking beyond the current horizon of technical evolution.  All of 
these novel technical concepts are either already planned for industrial deployment, or in a 
development phase. Hence, it will be several decades before GENERATION IV plants are 
commercially available. The full potential for industrialization of most of these novel 
processes will require a full understanding of their technical feasibility throughout the course 
of their development. Apart from the technical development and scale-up required, all the 
other issues relating to the industrialization of emerging technologies need to be addressed, 
such as licensing, socio-political issues, and, most of all, the decision as to whether to 
commercially invest in them. In terms of these criteria, the advanced fuel cycle concepts, 
especially those involving partitioning and transmutation, will continue to be the subjects of 
critical reviews, especially with regard to their overall cost effectiveness. 

As it is addressed by the undergoing INPRO programme launched by IAEA, there are a 
number of common objectives, regardless of whether development is based on improvements 
of existing technology or implementation of new technologies. The INPRO Terms of 
Reference defines the objectives as follows: 

• To help ensure that nuclear energy is available to contribute in fulfilling, in a sustainable 
manner, energy needs in the 21st century; 

• To bring together all interested Member States, both technology holders and technology 
users, to consider jointly the international and national actions required to achieve desired 
innovations in nuclear reactors and fuel cycles that use sound and economically 
competitive technology, and are based – to the extent possible – on systems with inherent 
safety features and minimize the risk of proliferation and the impact on the environment; 

• To create a process that involves all relevant stakeholders that will have an impact on, 
draw from, and complement both the activities of existing institutions as well as ongoing 
initiatives at the national and international level. 

Some of these objectives do not necessarily complement one another and a compromise 
between them must be found. 

4.1. Resources management and economics 

Assessments of the economics of reprocessing usually compare direct disposal following 
interim storage against prompt reprocessing and recycle. Among the various studies 
performed on the economics of spent fuel reprocessing (or recycle of MOX fuel in thermal 
reactors), a key reference is the 1994 OECD/NEA fuel cycle study. It was conducted on an 
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international basis involving a multidisciplinary team. This study calculated the total fuel 
cycle costs, including reprocessing, as 6.23 mills/kWh (with a range of 5.17-7.06 mills6/kWh) 
and the same costs, but including direct disposal instead of reprocessing, as 5.46 mills/kWh 
(with a range of 4.28 - 6.30 mills/kWh) [64]. The costs then retained for the front end 
components (uranium conversion and enrichment) were substantially below the costs 
prevailing post 2000. Updating the study with 2006 costs would likely make the comparison 
more favourable to the closed fuel cycle (see Table 2). Irrespective of this, the OECD/NEA 
report concluded that there was no significant cost difference between the prompt 
reprocessing and direct disposal options, especially when considered in terms of the 
underlying cost uncertainties and the national variations in conditions and constraints. The 
ultimate costs of encapsulation and disposal of spent fuel still have a large degree of 
uncertainty attached to them as a large encapsulation or disposal facility has yet to be 
constructed. The report further noted that consideration of a much wider range of factors, 
including national strategy, reactor type, environmental impact, financial situation and public 
acceptance, in addition to the recycling objectives, will have a greater influence on the 
selection of a spent fuel management option.  Over the years following the OECD/NEA 1994 
report, fuel cycle costs have been reduced due to increased competition in the front end 
market and pressure for cost reductions in the back end. However, the general conclusions 
drawn from the 1994 study are still valid as the assumptions used were by definition generic. 

Two more recent reports published by the OECD/NEA [7] dealt explicitly with the costs 
associated with advanced fuel cycles. Conclusions from the report are that fuel cycle costs can 
vary by a factor of two depending on the advanced fuel cycle scheme, and are significantly 
affected by uncertainties of unit costs for advanced technologies and processes.  Monte Carlo 
simulations showed that, taking into account these large uncertainties, innovative schemes 
might eventually have lower costs than the once-through fuel cycle.  A complete listing of the 
technical parameters and unit costs is provided in the report.  A select group of unit costs from 
several recent studies published in the 2002-2006 timeframe is presented in Table 2. In 
addition, front-end spot market prices, as of the end of 2006, are presented in the last column 
of Table 2. 

Existing reprocessing plants will, in all likelihood, operate based on internationally oriented 
approaches backing national priorities that take into account all of the factors identified in the 
OECD/NEA report, with, in addition, increasing consideration for assurance of supply. For 
future reprocessing plants, a further uncertainty is introduced as to the nature of such plants 
and their interaction with the rest of the fuel cycle. These considerations are important drivers 
of the extensive development work exploring innovative processes, as reviewed in Section 3 
of this report.  

To date, a recent study on economics of spent fuel management is prepared by the Boston 
Consulting Group (BCG) [13]. It was released in mid-2006. This economic evaluation is a 
study, funded by the company AREVA, to review the economics of the back-end of the fuel 
cycle, in particular of developing a recycling strategy in the United States. BCG made a 
theoretical comparison of the estimated long term cost of recycling used fuel with the possible 
cost of a repository for placement of spent fuel in the once through strategy. Where applicable 
BCG used AREVA know-how and proprietary data supplemented by the site visits and 
additional analyzed as a starting point for an assessment of the recycling strategy using its 

                                                 
6 1 mill = US$0.001 
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experience in industrial cost assessment. Finally, BCG used existing public sources of 
information on disposal economics, updating them for known and accepted changes. It 
estimated the overall discounted cost (discounted at 3%) of spent fuel recycling to be about 
$520/kg compared to the once through strategy cost at about $500/kg (also discounted at 3%) 
with the cost components on the lower end of spectrum. 

Table 2. Comparison of Unit Costs for Various Treatment Options (from literature sources) 

Cost Component Units 
OECD/ 

NEA 

(1994) 

OECD/
NEA* 

(2002) 

DOE 
GEN-
IV** 

(2002) 

MIT 
(2003) 

Bunn 

(2003) 
BCG 

(2006) 

MARKET
2006 end

(Ux) 

Natural Uranium $/kgU 40-50-90 20-80 20-30-80 30 40 80 190 

 Conversion $/kgU 6-8-11 3-8 3-5-8 8 4-6-8 12 14 

Enrichment $/kgSWU 80-110-
130 80-120 50-80-

120 100 50-100-
150 110 135 

UOX Fabrication $/kgU 200-275-
350 200-300 200-250-

300 275 150-250-
350 200 - 

SF storage  60-230-
290 100-300 - 

SF disposal $/kgHM 200-840-
960 300-600 

210-410-
640 400 - 

920(1) 

500(2) 

Disposal 
included 

- 

UOX 
Reprocessing $/kgHM 540-720-

720 500-900 500-800-
1,100 1,000 1,000 - 

HLW 
storage/disposal $/kgHM 90-150-

190 80-200 80-200-
310 300 

0-150-
300 

(less 
than SF) 

- 

MOX fabrication $/kgHM 
825-
1,100-
1,375 

1,000-
1,500 

600-
1,100-
1,750 

1,500 
700-
1,500-
2,300 

710(1) 
520(2) 
RepU+
MOX fab 
& credit 
recycled 
fuel inclu
ded 

- 

(1) in undiscounted costs per KgHM in used fuel 
(2) in discounted costs per KgHM in used fuel 

The design, construction and commissioning of a reprocessing plant is a financial venture 
requiring customers’ backing because of the associated high capital costs and long 
commissioning period. The commercial reprocessing plants operating today in Europe (such 
as UP2/UP3 and THORP) were underpinned by cost-plus contracts and provision of capital 
for their construction, which stemmed from legal and political imperatives to reprocess. As 
those plants have operated for many years, they have benefited from technological 
developments while much of the investment has now been amortized. As a consequence, costs 
have decreased substantially for the large commercial plants.  In contrast, private investments 
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in new reprocessing plants are only likely if and when there is a strong incentive for doing so, 
such as increasing nuclear fuel costs, disposal costs, or both, and also national government 
guarantees on financial returns [65]. 

It must be noted that there are other views on economics of nuclear fuel reprocessing that 
dispute BCG results and provide cost data less favourable for reprocessing [66]. 

4.1.1. Basic economic principles (adopted from INPRO methodology) 

Economic competitiveness is a constantly moving target since feedback from experience leads 
to innovation and resulting improvements in technology lead to cost reductions. The design, 
construction, and commissioning of a new back-end fuel cycle facility involve a high capital 
cost and long commissioning period. Therefore, to be viable, spent fuel reprocessing options 
must satisfy the following two basic economic principles: 

 The cost of energy from innovative nuclear energy systems that incorporate spent fuel 
reprocessing must be competitive with that of alternative energy sources, taking all 
costs and credits into account, and 

 Innovative nuclear energy systems must represent an attractive investment, from both 
financial and political standpoints, compared with other major capital improvements. 

4.1.2. Economic analysis and comparison 

Although many factors affect economics, the key economic factor is cost competitiveness of 
nuclear generation as measured by the levelized unit of electricity cost, expressed in $/MWh. 
The four components of levelized unit of electricity are typically capital (recovery of capital 
cost over economic life), operation and maintenance (O&M), fuel, and decontamination and 
decommissioning. Normally, the levelized unit of electricity cost does not include research 
and development (R&D) or demonstration (prototype) costs embedded in it. For nuclear-
generated electricity, total cost is dominated by the capital cost component while fuel cycle 
cost accounts for less than 20%. In turn, back-end fuel cycle costs are typically less than 1/3 
of the fuel cycle costs, and, as a result, they are fairly small when compared to the overall cost 
of electricity. Overall back-end fuel cycle costs are therefore about 5 to 7% of the busbar cost 
of electricity. 

Fuel cycle cost analysis methodologies use a cost breakdown structure for a specific nuclear 
fuel cycle scheme, which includes a series of steps (or processes) required for the paths 
included in the scheme. As an example, the main steps of the nuclear fuel cycle schemes 
considered in the 2006 OECD/NEA report are shown in Figure 11.  

Standard cost methodologies include [67]: 

 Unit cost methodology, which is a standard methodology used in estimates of back-
end costs, and  

 Net present cost methodology. 
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Figure 11. Main steps of the nuclear fuel cycle schemes considered in the  
2006 OECD/NEA study. 

In the unit cost methodology, unit costs are defined as the cost of purchasing a service/product 
from a supplier, paid in the year the service/product is supplied.  Calculation of the unit cost, 
when completed, generates a “$/kg” figure for each component of the fuel cycle scheme. Such 
a number needs to be discounted depending on the timing of the expense and the choice of a 
reference timing point to which all costs are reported. 

The net present cost is derived from the real cash flows to be expected over the course of the 
life time of the fuel cycle scheme. The summation of undiscounted cash flows represents the 
total life cycle cost, expressed in “$,” while the summation of properly discounted cash flows 
yields the net present cost, also expressed in “$” associated with a specific choice of a 
reference timing point to which all costs are reported. 

Assigning costs to some of the fuel cycle operations that are still at an early stage of 
conceptual development can be very difficult to predict and may require a number of 
assumptions that incorporate value judgments of the cost analyst. Therefore, cost estimates 
are often open to criticism and challenge. However, a major benefit of cost analyses is their 
ability to provide, through parametric studies, an assessment of cost sensitivity to variations in 
system components and features. This is especially important because fuel cycle cost data 
have various degrees of uncertainties, given that they cover technologies that are well known 
today as well as technologies that still require substantial development. To the extent that 
interdependencies are well understood and incorporated in the analysis, the cost methodology 
can quantify the relative gain or loss in system cost resulting from variations in specific 
component cost characteristics. 

With the expected high costs and significant risks involved in constructing new nuclear 
facilities, e.g., reprocessing facilities, the impact of various ownership options need to be 
considered. These options include government funding, regulated funding, private funding, 
and combinations of public and private funding. These different funding approaches may 
significantly impact the costs of fuel cycle services. 
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Given the very long time frames associated with building reprocessing facilities, there exist 
risks other than technological or economic, which need to be dealt with. These include 
evolving government policy, public and political acceptance, and licensing risks.  As a result, 
private investors are unlikely to provide capital unless the initial high risks factors are 
mitigated through appropriate risk sharing agreements (e.g., loan guarantees, equity protection 
plans, tax credits, etc.) with government entities.   

4.1.3. Cost categories 

The life-cycle costs can be divided into costs that are recovered in the price of a product and 
those that are not. The early cycle costs not normally recovered in the price of a plant product 
or service sold consists of planning; research and development, pilot or prototype and generic 
licensing costs. The recoverable life-cycle costs can be divided into: 

 Capitalized costs: “up-front” costs that must be financed, and for which costs are 
recovered in the price charged for facility product over the amortization life of the 
project. They include: 

o Total Directs = Capitalized Preconstruction (land, permits, licensing, etc.) + 
Capitalized Direct (structures, equipment, etc.) 

o Basic Construction Cost = Total Directs + Capitalized Support Services 
(construction supervision, start-up costs, etc.) 

o Total Overnight Cost = Basic Construction Cost + Capitalized Operations 
(staff recruitment and training, staff housing, etc.) + Capitalized 
Supplementary Costs (spare parts, taxes, etc.) 

o Capital Investment Cost = Total Overnight Cost + Capitalized Financial Costs 
(interest during construction; escalation, etc.) 

 Annualized costs: recurring cash sums needed to sustain annual production.  They 
include: 

o Annualized Operations and Maintenance, such as salary costs (including 
benefits), operation chemicals, utilities, etc. 

o Annualized Financial Costs, such as annual contributions to the 
Decontamination & Decommissioning Escrow Fund. 

Detailed listings of cost categories can be found in References [68][69]. The life-cycle costs 
can be divided into costs that are recovered in the price of a product and those that are not.  
The early cycle costs not normally recovered in the price of a plant product or service sold 
consists of planning; research and development, pilot or prototype and generic licensing costs.  
The recoverable life-cycle costs can be divided into: 

 Capitalized costs: “up-front” costs that must be financed, and for which costs are 
recovered in the price charged for facility product over the amortization life of the 
project. They include: 

o Total Directs = Capitalized Preconstruction (land, permits, licensing, etc.) + 
Capitalized Direct (structures, equipment, etc.) 
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o Basic Construction Cost = Total Directs + Capitalized Support Services 
(construction supervision, start-up costs, etc.) 

o Total Overnight Cost = Basic Construction Cost + Capitalized Operations 
(staff recruitment and training, staff housing, etc.) + Capitalized 
Supplementary Costs (spare parts, taxes, etc.) 

o Capital Investment Cost = Total Overnight Cost + Capitalized Financial Costs 
(interest during construction; escalation, etc.) 

 Annualized costs: recurring cash sums needed to sustain annual production.  They 
include: 

o Annualized Operations and Maintenance, such as salary costs (including 
benefits), operation chemicals, utilities, etc. 

o Annualized Financial Costs, such as annual contributions to the 
Decontamination & Decommissioning Escrow Fund. 

Development of a cost basis includes cost data collection, cost normalization, data 
verification, and gap analysis.  Such a development process is illustrated in Figure 12 [69];  

 

 

Figure 12. AFCI strategy costing procedure. 
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4.1.4. Factors affecting economics 

The following are factors that significantly affect the economics of reprocessing options: 

 Technical characteristics of a specific option and maturity of technology (learning 
curve, standardization, optimization). As with any mature industry, benefits in the 
form of improved plant efficiencies and technological developments result from 
extensive operational experience. For example, the uncertainty associated with 
pyrochemical separations is deemed to be greater than aqueous reprocessing due to 
less technical maturity and operational experience. 

 Economy of scale and plant capacity. Although the ratio between capital cost and 
capacity favors large reprocessing plant capacities, there is a significant penalty for 
operating at less than capacity. Therefore, facilities should be designed for maximum 
throughput and availability to support the needs of the nuclear power plant fleet. 
When high annual plant capacities are achievable within the same range of capital and 
operation cost parameters, lower unit reprocessing costs are obtained. 

 Timeline and discount rate. Long time frames are involved in the development of a 
reprocessing complex. Therefore, it is likely that government contracts, potentially 
with cost-sharing arrangement with interested private partiers, will be required. Once 
the initial high risk factors are mitigated, private capital is more likely to become 
available. While private capital does require a higher rate of return than public capital, 
thus resulting in apparently higher costs, private partners typically bring significant 
commercial management expertise that translates into better overall management and 
reduced costs. 

4.2. Proliferation risk reduction 

A critical issue for safeguarding reprocessing plants is the risk of diversion of separated fissile 
materials and their possible misuse for non-peaceful ends. In fact, one of the stated main 
reasons for the move towards a direct disposal policy for spent fuel management in the US, 
which began in the 1970s, was concern over proliferation. The controversy as it related to 
PUREX-based reprocessing culminated in the latter half of the 1970s with extensive debates 
during the International Nuclear Fuel Cycle Evaluation (INFCE), which examined various 
fuel cycle concepts which might be able to mitigate the proliferation concern [70]. Although 
the discussions from the INFCE concluded there was no technical ‘fix’ to the proliferation 
problem, it did provide an opportunity for international recognition of some technical features 
that could be complementary to institutional factors. With the recent revival of interest in 
nuclear technology, technical methods for deterrence to nuclear proliferation are being 
revisited.  

Japan, for instance (in their Rokkasho-Mura plant), mixes some uranium with the plutonium 
at the end of their process so no pure plutonium exits in the final reprocessing stage. Both 
France and the U.S. companies have proposed a variant of their process that does not result in 
a pure plutonium product stream (see chapter 2). 

A further step would be to implement a process based on group extraction of actinide 
associated with a homogeneous recycling strategy. Such a scheme will most likely not be 
deployable on an industrial scale before 2025 or so. 
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In the meantime, fuel cycle strategies based on GENERATION III plants are likely to be 
implemented. 

Scenarios with minor actinides recycling in heterogeneous mode (see Chapter 2) are in this 
respect to be considered (and might be achievable earlier). 

Therefore, proliferation resistance is to be analyzed through various criteria (intrinsic features 
and extrinsic measures), including timescale issues, taking thus into account the available 
technologies at a given time and in the framework of a strategy aiming at continuously 
implementing the advances in the reprocessing technology (evolutionary approach). 

Pending further technological development, safeguarding of reprocessing plants will remain 
one of the key factors of the proliferation risk reduction. 

This TECDOC is not intended to address any detailed methodology to assess proliferation 
resistance of a process (topic which is dealt with in the framework of the INPRO initiative 
conducted by IAEA), but just to introduce some general background. 

4.2.1. General background of proliferation issues 

• Proliferation risk reduction 

The technical attributes inherent in the nuclear systems and fuel cycles that increase barriers 
to diversion and misuse activities are regarded as intrinsic features in contrast to extrinsic 
measures, which are more institutional in nature. Some of the major intrinsic features 
examined during the INFCE exercise include such measures as minimizing presence of 
sensitive materials, reducing accessibility to sensitive materials, denaturing of the sensitive 
materials, enhancement of accountability or surveillance, etc. These criteria can be considered 
in the design of new facilities or refurbishment of operating facilities for enhancement of 
proliferation resistance [70]. 

The requirement to be proliferation resistant is one of the major criteria for innovative nuclear 
fuel cycles being studied in such international initiatives as INPRO, under the auspices of the 
IAEA. Case studies of specific fuel cycles have been undertaken to develop recommendations 
on the further improvement of the INPRO Methodology for application to the evaluation of 
innovative nuclear energy systems [71]. 

• Safeguarding of reprocessing plants 

The objective of safeguards is the timely detection of diversion of significant quantities of 
nuclear material from peaceful nuclear activities to the manufacture of nuclear weapons or of 
other nuclear explosive devices, and deterrence of such diversion by the risk of early 
detection. IAEA safeguards policies have been in place for more than 30 years under the Non-
Proliferation Treaty (NPT) for most nuclear material facilities in the world. Large bulk-
handling facilities such as reprocessing plants are a challenge in terms of safeguards. They are 
subjected to extensive measures for material accountancy through continuous inspection at 
key measurement points (KMPs), verifying all inventories and transfers of nuclear materials 
into and out of the facilities, complemented by containment and surveillance [72]. 

One of the major issues that has attracted attention in the verification requirements of 
commercial reprocessing plants is the uncertainty involved in material unaccounted for 
(MUF) attributable to the statistical accuracy of measurements in facilities handling large 
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quantities of material [73]. These studies were started in the late 1970s and culminated, 
between 1988 and 1992, in the so-called LASCAR project [74]. This study, conducted by the 
IAEA with direct involvement of the United States, Euratom and the principal reprocessing 
countries, concluded that large-scale reprocessing facilities can be safeguarded through a 
combination of various existing techniques, such as near real time accounting (NRTA), with 
the choice of the specific method being largely plant-specific [75]. 

Existing reprocessing facilities have been designed and constructed to satisfy all relevant 
national and international standards for the safekeeping of nuclear materials. The key to 
achieving safeguarding is accountability and transparency, resulting from communications 
and co-operation between the operator and safeguarding authorities. Today, specific 
approaches are implemented in reprocessing plants, tailored to take maximum benefit from 
the features of these plants, such as automation, computerised systems and remote 
monitoring. Based on the past experience at La Hague and Sellafield, new designs can 
incorporate smaller material balance zones and can utilize improved technology for the 
measurement of processes [24]. The new reprocessing plant at Rokkasho-Mura in Japan is an 
interesting case in point, with implementation of extensive safeguards measures largely 
automated to such extent that three-quarters of data collection are reported to be performed 
unattended [76]. 

• Institutional transparency 

International reprocessing contracts implemented under bilateral agreements provide an 
additional degree of transparency. Plant operators must be able to demonstrate to their 
customers, as well as to their customers’ governments and regulatory authorities, that they are 
able to account fully for nuclear material from each individual customer and that they are 
storing it safely and securely. Plant operators are also providing inspectors with increased 
access to facilities. There has never been any material diverted from civil reprocessing 
conducted under international contracts and operated under international safeguards. 

4.2.2. Proliferation assessment methodology 

Proliferation resistance is defined as that characteristic of a nuclear energy system that 
impedes the diversion or undeclared production of nuclear material, or misuse of technology, 
by States in order to acquire nuclear weapons or other nuclear explosive devices. In this 
context, besides Uranium and Plutonium, also Neptunium-237 and Americium-241 should be 
considered.  

The spent fuel management options are qualitatively compared by evaluating intrinsic features 
and extrinsic measures.7[1] 

The intention is to qualitatively compare chosen spent fuel management options by cross 
cutting with the intrinsic features and extrinsic measures. This opens the possibility for a State 
to choose the options suited for its particular situation.  

                                                 
7[1] There are concepts that distinguish between proliferation control and physical protection. In this context an 
integrated approach is taken. 
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• Intrinsic features 

Intrinsic proliferation resistance features are those features that result from the technical 
design of nuclear energy systems, including those that facilitate the implementation of 
extrinsic measures. 

Features related to mass flow of fissile material in a treatment process and the type of fissile 
material (required critical mass) keeping its attractiveness for the manufacture of nuclear 
explosive devices low: 

- Isotopic abundance (thermal output, neutron generation, etc.), 

- Elemental composition (U/Pu ratio, etc.), 

- Chemical form (carbides, nitrides, oxides, etc.), 

- Degree of difficulty to separate out fissile material, 

- IAEA Spent Fuel Standard for self-protection of nuclear materials, 

- Advanced aqueous processes that do not result in a pure plutonium product stream 
(Processes based on co-extraction of U and Pu, and possibly Np and others – 
Chapter 2), 

- Group separation of actinides (GANEX, UREX, pyrochemistry, etc.), 

- Ease to change the process parameters (e.g. change of Pu valence), 

Other intrinsic features related to the plant design and characteristics: 

- Plant design excludes handling of fissile material in significant quantities because of 
criticality reasons, 

- Change of an existing plant more complex than building a clandestine facility, 

- Large throughput of plant favors containment and surveillance (C&S) measures 
because of reduced number of deployed plants, 

- Co-location of facilities (reprocessing, storage, fuel fabrication, and power stations) 
reduces need of long distance transportations, 

- Integrated concepts (IFR) favors containment and surveillance (C&S) measures, 

- Possibility of near-real time (NRT) accounting, 

-  Accessibility for accountancy verification and inspection, 

- Diversion detectability. 

- Plant design easing application of extrinsic measures, e.g. simple process design to 
detect clandestine operation and reduced number of in- and outlets to plant complex, 
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• Extrinsic measures 

Extrinsic proliferation resistance measures are those measures that result from States’ 
decisions and undertakings related to nuclear energy systems. 

Extrinsic measures complement intrinsic features and are likewise essential. Extrinsic 
measures are such as: Application of international and national safeguards 

• Export control of sensitive technology and dual-purpose equipment, 

• Less frequent shipment of fissile material to and from the plant, 

• Feasibility to implement international physical protection measures. 

4.3. Physical Protection 

One has to distinguish between fissile material safeguards measures (design verification, 
accountancy, and C&S) and physical protection measures. There are international safeguards 
for States subject to NPT and national safeguards including physical protection according to 
the legislation of the individual states. Internationally accepted physical protection standards, 
when applied, should be subject to international verification. 

Reprocessing plants are constructed to extremely robust engineering standards and 
incorporate large quantities of reinforced concrete as an integral part of construction. In 
addition, specific physical protection measures are provided to protect material and facilities 
against theft and sabotage. 

In addition to the prevention measures, emergency plans are maintained at reprocessing plants 
to ensure appropriate response to any malicious act and are exercised routinely. 

 

4.4. Environmental Impact Issues 

In electric power generation and associated fuel cycles, the discharge of chemical (for 
example, carbon, sulphur and nitrogen oxides) and radiochemical (for example, iodine 
radioisotopes) pollutants is a sensitive issue. Even if the absence of adverse health effects has 
been proven, public acceptance dictates that the amount of any radioactive discharge be 
minimized. 

Spent fuel reprocessing plants have been operating at industrial scale for several decades. 
Substantial reductions have been achieved in the radiological discharges from reprocessing 
sites despite increase in reprocessing throughputs. Through investment in new waste 
management facilities and process optimization, radioactive discharges from the Sellafield 
and La Hague sites have been reduced to a very small fraction of their peak levels in the 
1980s. 

At current levels of discharge, no risk of harm to man or the environment has been proven to 
date. However, the industry is still under pressure to further reduce discharges from 
reprocessing facilities. One specific example is the OSPAR strategy which affects the two 
major reprocessing sites, Sellafield and La Hague. The OSPAR Strategy, as agreed by the 
OSPAR (Oslo-Paris) Commission meeting in Sintra, 20-24 July 1998, sets the specific 
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objective of preventing pollution of the maritime North Sea area from ionising radiation. It 
was agreed that this should be achieved by 2020 through progressive and substantial 
reductions of discharges, emissions and losses of radioactive substances, with the ultimate 
aim of concentrations in the environment being near background values for naturally 
occurring radioactive substances and close to zero for artificial radioactive substances.  The 
implementation of the objective clearly articulated in the Sintra Statement will be challenging 
but achievable. Current European reprocessing plants are operating safely and can meet these 
OSPAR obligations. 

• Return of radioactive waste 

The successful return of the wastes (and products) arising from such reprocessing has been 
demonstrated, with the waste forms and packaging conforming to specifications agreed with 
the safety authority in the countries where the fuel originated. 

At the present time international reprocessing services are offered by British, French and 
Russian companies. International reprocessing contracts have required satisfactory resolution 
of several issues such as transport of spent fuel, the return of wastes to the countries of origin, 
and recycling of products. These contracts have been subjected to the full scope of 
international safeguards. 

4.5. International Safety Standards 

Safety requirements for reprocessing plants are reflected at national level in regulations and 
standards. However, there is a trend toward internationalization of safety standards for the 
nuclear fuel cycle in general and spent fuel management facilities in particular. This issue has 
been examined at the IAEA and a system of international safety standards for fuel cycle 
facilities is in development. A safety guide on spent fuel reprocessing facilities is also in 
preparation.  

Meanwhile, a Joint Convention on the Safety of Spent Fuel Management and the Safety of 
Radioactive Waste Management has been agreed to, and entered into effect on 18 June 2001. 
The Joint Convention is the first international treaty relating to these areas of safety which is 
legally binding. It represents a commitment by States to achieve and maintain a high level of 
safety in the management of spent fuel and radioactive waste. The first Review Meeting of the 
Joint Convention was held in November 2003 [77] and the second in May 2006. 

4.6. Public Acceptance 

Any new reprocessing plant will not be constructed without the agreement of local 
government and the public. The benefits deriving from reprocessing and/or the specific 
location of a reprocessing complex and the safety of the facilities will have to be addressed in 
a convincing and easily understandable way. 

In many countries, nuclear affairs used to be enshrined in governmental control and much of 
the decision-making process heavily relied on technical experts. Such past practices have 
engendered problems in communication with some stakeholders, including in particular the 
general public and affected localities. From a the societal significance of environmental 
affairs, an increasing number of countries have taken political measures to enhance 
transparency and public involvement in addressing the issues, and these trends are expected to 
receive increased emphasis. 
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The issue of public participation has also been addressed in some international conventions 
like the Aarhus Convention, which was initiated in 1998, with a view to provide access to 
information, public participation in decision-making, and access to justice in environmental 
matters. 

4.7. Modeling tools 

To support the development of advanced nuclear fuel cycles, analysis models have been 
developed by several organizations such as IAEA and OECD/NEA. This section provides a 
brief summary of the status of the development of nuclear fuel cycle analysis models. 

4.7.1. International Atomic Energy Agency  

4.7.1.1. VISTA 

Nuclear Fuel Cycle Simulation System (VISTA) is a scenario-based computer model for the 
estimation of fuel cycle service requirements. This model was used to quantify the different 
scenarios chosen by the Working Groups in the International symposium on "Nuclear fuel 
cycle and reactors strategies: adjusting to new realities" held from 3 to 6 June 1997 in Vienna. 

The VISTA code takes strategy parameters, fuel parameters, and control parameters as input 
and then yields some fuel cycle service requirements such as spent fuel arisings and 
plutonium accumulation as output. 

The strategy parameters are including nuclear capacity, reprocessing-recycling strategies, 
reactor type mixtures and load factors for each type of reactor. The reactor types taken into 
consideration are current operating ones such as PWR (Pressurized Water Reactor), BWR 
(Boiling Water Reactor), PHWR (Pressurized Heavy Water Reactor), AGCR (Advanced Gas 
Cooled Reactor), GCR (Gas Cooled Reactor), WWER-440 and WWER-1000. The fuel 
parameters include average discharge burnup, average initial enrichment and average tail 
assay on an annual basis. The control parameters are share of MOX (Mixed Oxide) fuel in 
reactor fuel, lead and lag times for different processes and the number of spent fuel 
reprocessing cycles.  

The outputs give natural uranium, conversion and enrichment service requirements, fresh fuel 
requirements and spent fuel arisings, plutonium accumulation and separated plutonium 
utilization, and reprocessing and MOX fuel fabrication service requirements.  

The current version of the simulation code is in MS Excel spreadsheet format. In the future, 
the code will be converted into a web application and make it available for the use of 
interested member states and specialists. 

4.7.1.2. Dynamic of Energy System – Atomic Energy (DESAE) 

This tool has been in development in the framework of INPRO at IAEA. In the IAEA 
TECDOC-1434 “Methodology for the Assessment of Innovative Nuclear Reactors and Fuel 
Cycles,” [71] the use of modeling tools is seen to be an important part of energy planning and 
of INPRO and the use of such tools will be integrated into the INPRO methodology as it is 
further developed.  

Dynamic of Energy System – Atomic Energy (DESAE) is an interactive code, which 
calculates the resources both, financial and material, required for a given combination of 
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reactors to meet a specified supply of nuclear energy as a function of time. Determination of 
national, regional and global balances of demands and resources and of infrastructure needs, 
and establishment of a databank will require further development of codes (e.g. DESAE). 

4.7.2. OECD/NEA 

4.7.2.1. Integrated Costs and Needs of the Fuel Cycle Analysis Tool (ICECAT) 

Integrated Cost and Needs of the Fuel Cycle Analysis Tool (ICECAT) [78] is a model 
designed to simulate installed nuclear capacity. It operates under the IThink software 
environment. The ICECAT is a model driven by energy demand, i.e., the construction of new 
reactors and fuel production/consumption is based on a scenario of demand for nuclear energy 
which the model must accommodate as best as possible. 

Data on existing reactors and scenarios for energy demand are stored in a database (MS 
Access format). To allow the model to be updated with the most recent data available, the 
database output files are formatted in MS Excel. These Excel files are therefore linked to the 
table in the ICECAT. 

The ICECAT offers a choice of 7 fuel cycles: 

 LWR once-through-cycle (OTC) 

 LWR mono Pu recycling 

 LWR multi Pu recycling 

 LWR OTC + FR (Fast Reactor) multi Pu recycling 

 LWR mono Pu recycling + FR multi Pu recycling 

 LWR mono Pu recycling + FR multi Pu recycling + Pu feedback  

In addition to the above, the ICECAT can deal with the Direct use of Spent PWR Fuel in 
CANDU (DUPIC). The ICECAT is not in its final version and it continues to be modified, 
especially with regard to its capability to calculate fuel cycles such as thorium and 100% fast 
breeder fuel cycles; management of minor actinides is being added and ADS reactor is 
scheduled to be added in the future. 

4.7.3. Dynamic Model of Nuclear Development (DYMOND) 

The Dynamic Model of Nuclear Development (DYMOND) code was developed at Argonne 
National Laboratory. It has been extended for applicability to thorium cycles. This code was 
used in GEN IV FCCG (Fuel Cycle Crosscut Group) in 2001 and 2002 [79]. 

The DYMOND code employs the ITHINK dynamic modeling platform to model 100-year 
dynamic evolution scenarios for postulated global nuclear energy parks. The scenarios use as 
initial conditions the year 2000 worldwide deployments of fuel cycle facilities and power 
plants. The scenarios all use the world uranium resources which were specified in official 
publications such as the “Redbook”; scenarios are not terminated upon exhaustion of these ore 
resources – rather, an edit is produced delineating the necessary future discoveries. 
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The edits from simulations quantify the front and back end mass flows and inventories such 
as ore withdrawals vs. time and their cumulative withdrawals and the waste arisings vs. time 
and their cumulative arisings. Additionally, inventories of spent fuel, plutonium, and minor 
actinides in interim storage are shown. The edits quantify the scales of deployment of 
mining/milling, enrichment services, fuel fabrication plants, reprocessing capacities, and 
required capacities of interim storage facilities and final disposal repositories. 

Finally, the edits depict a year-by-year cost indicator for the fuel cycle component of the cost 
of energy production in the global nuclear energy park comprised of the specific mix of new 
plant types. It does not include capital and O&M costs of the power plants. 

4.7.4. AFCI Module 

Los Alamos National Laboratory (LANL) has used a series of computer modules for the 
systems analyses of advanced fuel cycles in their AFCI programme. Figure 13 gives a 
graphical perspective of this modeling potential and the relationship among the models 
adopted for development to meet the AFCI Project needs [80]. 

 

Figure 13. System analysis module of AFCI programme. 

DELTA is a steady-state (equilibrium) model and was used for the down selection of six 
nuclear fuel cycles in the Advanced Accelerator Applications (AAA) Program in 2002 [79]. 
The time-dependent simulation models, NFCSym and EXTEND, which are being developed 
as part of the AFCI Program, allow full external scenario control with significant technical 
detail. The NFCSym model simulates complex nuclear-fuel-cycle (NFC) scenarios 
characterized by a large array of interacting components of the NFC. The NFCSym is written 
in an object-oriented language, Java.  

The FCOPT model, an optimization model, uses Linear Programming (LP) methods to 
optimize a comprehensive set of the NFC options. The MARKAL is a world-class general 
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energy model where nuclear energy competes with other energy carriers to satisfy an 
exogenous end-use energy demand. 

The NFCSym was compared with COSI, developed by CEA, under an NFC modeling 
benchmark collaboration between CEA (COSI) and Los Alamos (NFCSym). 

4.7.5. COSI 

“COSI” [81], software developed by the Nuclear Energy Direction at CEA, the French 
Atomic Energy Commission, is a code simulating a pool of nuclear electricity generating 
plants with its associated fuel cycle facilities. This code has been designed to study short, 
medium and long term options for the introduction of various types of nuclear reactors and for 
the usage of associated nuclear materials. It permits to study transition scenarios and gives 
due consideration to isotopic composition essentially of uranium, plutonium, minor actinides, 
and some fission products. 

The simulations that can be performed with the COSI code are shown schematically in 
Figure 14, COSI simulation can include: 

• Facilities in the fuel cycle (mines, enrichment, fabrication, reactors, reprocessing, 
stockpiles, waste storage), 

• Input data for the simulation (energy demand, fuel and nuclear materials 
requirements), 

• Transportation of nuclear materials, 

• Steps in which changes in isotopic composition of the fuel is important (irradiation, 
cooling time, aging time). 
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Figure 14. Schematic diagram of COSI. 
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5. CONCLUSIONS 

• Civil reprocessing of spent fuel utilizing the PUREX process has been successfully 
practiced on a commercial scale for over 40 years without occurrences of diversion of 
special nuclear materials. These operations have been both for the purpose of spent fuel 
management and for the recovery of uranium and plutonium for recycle as UOX and 
MOX fuel for light water and fast reactors. Such a combination of spent fuel reprocessing 
and recycling is leading to benefits in ultimate waste disposal.   

• Measures to improve the environmental protection performance of commercial 
reprocessing plants over the past 20-30 years have greatly reduced emissions and waste 
volumes. 

• Growth in global nuclear electric generating capacity through this century will result in 
the production of increasing quantities of spent fuel that must be dealt with by 
reprocessing and recycling in order to minimize the stress on uranium resources and 
mitigate waste disposal issues and concerns with increasing inventories of plutonium and 
other fissile materials. 

• The deployment of multi-national fuel cycle centres, operating under an international 
framework and most effectively implemented in those countries with a sufficiently large 
civil nuclear energy infrastructure, can serve to ensure a sustained supply of nuclear fuel 
and related services under conditions in which the risk of proliferation of technologies 
related to the production of nuclear weapons is minimized. Reprocessing of spent fuel will 
be an important function of these centres. 

• A number of options exist for the recycling of spent fuel. Some, including those that avoid 
separation of a pure plutonium stream, are at an advanced level of technological maturity. 
These could be deployed in the next generation of industrial-scale reprocessing plants, 
while others (such as dry methods) are at a pilot scale, laboratory scale or conceptual stage 
of development.  

• Next-generation spent fuel reprocessing plants are likely to be based on aqueous 
extraction processes that can be designed to a country specific set of spent fuel 
partitioning criteria for recycling of fissile materials to advanced light water reactors 
and/or fast spectrum reactors. The physical design of these plants must incorporate 
effective means for materials accountancy, safeguards and physical protection. 

• Innovative reprocessing methods must be developed for the reprocessing of fuel types that 
may be utilized in the future; these fuels may differ substantially from the UO2 or MOX 
ceramics used in current light water reactors. Continued research and development on 
these methods must continue in view of the expected evolution in fuel and reactor types. 

• The design of advanced reprocessing methods must deal in a comprehensive manner with 
(1) safety, (2) the control and minimization of plant effluents, (3) minimization of the 
waste generation, (4) the production of stable and durable waste forms, and (5) economic 
competitiveness. International collaboration on the development of advanced reprocessing 
methods, considering the magnitude of the challenges, is essential to facilitate the future 
deployment of these technologies. 

• A detailed mass balance analysis of fuel cycle scenarios is required for the deployment of 
advanced spent fuel reprocessing methods, taking into account waste production, 
safeguards, and the impact of partitioning on downstream operations such as the 
fabrication of fuel for the recycle of recovered actinides. 
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ABBREVIATIONS 

ADS    Accelerator Driven Systems 

BNFL   British Nuclear Fuels Ltd. 

CEA    Commissariat a l’energie atomique 

DDP    Dmitrovgrad Dry Process 

FBR    Fast Breeder Reactor 

GFR    Gas Cooled Fast Reactors 

GIF    Generation IV Reactors 

GNEP   Global Nuclear Energy Partnership 

HLW    High Level Waste 

INPRO   International Project on Innovative Nuclear Reactors and Fuel Cycles 

KAERI   Korea Atomic Energy Research Institute 

LANL   Los Alamos National Laboratory 

LWR    Light Water Reactors 

MA    Minor Actinides 

MNA    Multinational Approach 

MOX    Mixed Oxide Fuel 

NEA    Nuclear Energy Agency 

NPT    Non Proliferation Treaty 

OECD   Organization for Economic Co-operation and Development  

PHWR   Pressurized Heavy Water Reactor 

PWR    Pressurized Water Reactors 

RBMK   Russian Reaktor Bolshoy Moshchnosti Kanalniy 

SFR    Sodium Cooled Fast Reactor 

SNF    Spent Nuclear Fuel 

TRU    Trans Uranics (Trans uranium éléments) 

VHTR   Very High Temperature Reactors 
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ANNEX I  
TABLES AND FIGURES 

I-1. PAST, CURRENT AND PLANNED REPROCESSING CAPACITY IN THE 
WORLD (tHM/year) 

Country Site Plant  Operation Capacity 

    Start Shut- 
down Present Future 

Belgium MOL Eurochemic LWR 1966 1975   

Jiuquan  RPP LWR ?   25 
China 

Lanzhou  LWR 2020   800 

Marcoule APM FBR 1988 1996   

Marcoule UP1 GCR 1958 1997   

La Hague UP2 LWR 1967  1000 1000* 
France 

La Hague UP3 LWR 1990  1000 1000* 

Germany Karlsruhe WAK LWR 1971 1990   

Trombay PP Research 1964  60 60 

Tarapur PREFRE 1 PHWR 1974  100 100 

Kalpakkam PREFRE 2 PHWR 1998  100 100 

Kalpakkam PREFRE 3A PHWR 2010   150 

India 

Tarapur PREFRE 3B PHWR 2012   150 

Tokai-mura JAEA TRP LWR 1977  90 90 
Japan 

Rokkasho-mura JNFL RRP LWR 2007  800  

Chelyabinsk RT1 
WWER-440,
BN-350,  
BN-600 RR 

1977  400 400 

RT2 WWER-1000 2025   1500 
Russian 
Fed. 

Krasnoyarsk Demonstrative
facilties 

VVER-1000 
RBMK 2013   

50÷ 

100 

Sellafield B205 GCR 1967 2012 1 500  

Sellafield Thorp LWR/AGR 1994  900 1 000 UK 

Dounreay UKAEA RP FBR 1980 2001   

West Valley NFS LWR 1966 1972   

Hanford Rockwell U metal 1956 1989   

Savannah River SR U metal 1954 1989   
USA 

Idaho Falls R U-Al alloy 1959 1992   

Total Capacity 5950 6 525 

* 1000tHM for each plant with a cumulated maximum of 1700 tHM for the La Hague site 
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I-2. CUMULATIVE AMOUNTS OF CIVIL REPROCESSED SPENT FUEL  
(tHM, the end of 2006) 

Fuel Type Country Site Plant 

GCR LWR FBR MOX TOTAL 

Belgium Mol Eurochemica 19b 86   105 

Marcoule UP1 18 000c    18 000 France 

La Hague UP2/UP3  22 450 100 150 22 700 

Germany Karlsruhe WAKa  180   180 

Trombay PP      India 

Tarapur Prefre-1      

Japan Tokai-mura TRP  1 000  18 1 018 

Russian 
Fed. 

Chelyabinsk RT-1  3 550 450  4 000 

Sellafield B205 42 000e    42 000 

Sellafield Thorp  5 800f   5 800 

UK 

Dounreay UKAEA RP   14  14 

West Valley NFSa  194   194 USA 

TOTAL   60 019 33 260 564 168 94 011 
a Closed facility b CANDU, GCR and other  c UNGG d Spent fuel from Fugen e Magnox 
e  LWR/AGR 
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I-3. STATUS OF DECOMMISSIONING OF REPROCESSING FACILITIES  
(larger than 1 t/y; status 2000) 

Country Site Plant (Capacity, 
t/y) 

Operation 
Period 

Decommissioning 
Status (Period) 

Remark 

Belgium MOL Eurochemic (60) 1966-1975 Under work (1987-)  

France Marcoule UP1(400) 1958-1985 -  Under work (1997-)  

France Marcoule APM (5) 1960-1982 Completed (-1993)  

Germany Karlsruhe WAK (35) 1971-1990 Under work (1997-)   

India Trombay PP (60) 1964- 

1983- 

Completed (-1977) Re-start 
operation 
in 1983 

Italy Trisaia ITREC (5) 1975-1988 In plan  

UK Windscale B-204 (?) 1952-1964 Under work (1990-2010)  

UK Dounreay UKAEA RP (10) 1979-1994 In plan   

USA West Valley NFS (300) 1966-1972 Under work (1980-)  
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ANNEX II  
SOME SPENT NUCLEAR FUEL COMPOSITION DATA 

 

II-1. The typical elements contained in a standard PWR spent nuclear fuel. 

 

 

 

II-2. Typical mass inventories of actinides and fission products for different UOX and 
MOX fuels vs. fuel enrichment and burn-up 

(Table 1 and Table 2) 
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II-3. A standard UO2 spent PWR fuel assembly (900 MWe PWR, fuel with a burnup of 
33 000 MW d/ t HM) has the following content 

 

 

Relative contribution to total
radiotoxicity after 1 000 years

Fission products 

Minor actinides

Plutonium

Cladding & structural materials : medium level 
& long lived waste

Recyclable materials (95 %)
Fission products :

25 kg  
Minor actinides :
~ 0,5 kg 

Vitrified HL radwaste (5%) 
Plutonium :

5 kg  
(1 %)

Uranium : 

470 kg 
(94 %)

 

Mass inventory for a standard (900 MWe) PWR spent fuel assembly with a 33 000 MW d/ t 
HM burn-up (500 kg initial uranium content for fresh fuel) and relative contribution to total 
radiotoxicity after 1000 years cooling time. 
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The back-end of the fuel cycle in France: status and prospects 
 
 M. Girouxa, J.-M. Grygiela, B. Boullisb, M. Massonb, F. Storrerb 

a AREVA NC, France 

b CEA, France 

 
Abstract: France chose the closed fuel cycle at the very beginning of its nuclear program.  
 
The reactor and fuel cycle technologies have been continuously improved through R&D program and all major 
advances have been implemented on industrial scale in a consistent and evolutionary approach. The reprocessing 
and recycling facilities presently in operations are using mature industrial technologies. They are regulated through 
very high environmental and proliferation resistance standards. 
 
The closed fuel strategy allows extracting from irradiated fuel recoverable fissile materials (uranium and plutonium 
presently) which can then be recycled. Plutonium is recycled in the form of MOX fuel in PWRs. Reprocessing and 
MOX fuel fabrication are implemented in France on a commercial basis both for domestic and export markets. By 
December 2006, about 22700 t of irradiated LWR fuel and 18000 t of GCR fuel originating from France and other 
countries had been treated in French facilities. In addition, about 2/3 of the 2200 tHM of MOX fuels fabricated in 
Europe have been fabricated in France. 
 
As a second benefit of this fuel strategy, the volume and radiotoxicity of the ultimate waste has been significantly 
lowered. 
 
The aim of further improving waste management and reducing the radiotoxic inventory was pursued in the 
framework of the Waste Management Act of 1991 with R&D organized along three axis:  
 

• Separation and transmutation; 
• Disposal in deep geological layers; 
• Long-term (sub)-surface storage.  

 
Separation of long-lived elements has been assessed and demonstrated on lab scale experiments by CEA in 2005 on 
13 kg HM of UO2 irradiated fuel with an average burn-up of 60 GWd/t. Development work in view of the 
validation of these promising results on industrial scale is ongoing in connection with the cycles envisaged for future 
(GENERATION IV) systems in the framework of two acts: the 2005 Energy Policy Act and the 2006 Act on the 
“Sustainable management of radioactive materials and waste”.  
 
In this respect, three main fuel cycle strategies at different stages of advancement and industrial feasibility are 
investigated: 
 

• Separation processes based on co-extraction/co-conversion of uranium and plutonium (COEXTM) – 
and possibly neptunium – leading to the design of GENERATION III reprocessing plants which are 
close to near term industrial deployment  and are capable of satisfying new market needs (integrated 
facilities with no pure plutonium separation, regional centres, high efficiency, high MOX 
performances both for LWRs and Fast reactor).  

• Selective separation of long lived radionuclides from raffinate (with a focus on Am and Cm 
separation) based on the optimization of DIAMEX-SANEX processes for their recycling in 
heterogeneous mode in GENERATION IV systems. This option can be implemented with a 
combination of COEXTM and DIAMEX-SANEX processes. 

• Group extraction of actinides (through GANEX processes) as a long term and challenging R&D goal 
for a homogeneous recycling of actinides in GENERATION IV fast systems. 
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1. FRENCH ENERGY POLICY AND LEGAL FRAMEWORK FOR WASTE 
MANAGEMENT 

The French Energy Policy  

In France the development of an ambitious nuclear power program associated with a closed fuel 
cycle was driven by the political will to achieve a substantial level of energy independence in a 
country poorly endowed in fossil fuels and having domestic uranium resources available in 
limited amount. The energy independence goal assigned to nuclear power has been achieved. 
Since the beginning of the nineties, nuclear power has been fulfilling about three-quarters of the 
electricity demand in France, a sizeable contribution to the decrease in energy imports (decrease 
of € 16 billion in 2006). A key added benefit is the avoided emission of CO2 (about 126 Mt 
in 2006).  
 
According to the 2005 law establishing guidelines for France energy policy and security, the 
government makes sure that Nuclear Power provides an important share of the electricity mix. 
To maintain the nuclear option open after 2020, a new generation reactor must be available by 
2015 on a commercial basis. In the framework of this 2005 global energy act, a research policy is 
also defined to sustain the development of innovative energy technologies consistently with the 
French climate plan aiming at reducing the emission of greenhouse gases. This roadmap includes 
several key steps such as: implementation and testing of a first of a kind GENERATION III 
(EPR) reactor so as to be able to decide for a series by 2015, R&D on future nuclear systems 
(GENERATION IV fission reactors, fusion reactors), new energy technologies (including 
hydrogen economy, innovative fuels for transport sector) and energy efficiency. 
 
The contribution of nuclear power to the French energy policy was further reinforced with the 
following major initiatives : 
 

• In January 2006, President Chirac announced the construction by the CEA of a 
Generation IV prototype reactor to be completed in 2020. 

• Establishment of an independent safety authority (its mission was defined in a new 
law on nuclear transparency and security enacted by the French parliament on June 
13, 2006). 

• In June 2006, a new act on “the sustainable management of radioactive materials 
and waste “was approved by the French Parliament. The act includes provision for a 
national plan (PNG-MDR) on radioactive materials and radioactive waste 
management updated on a regular basis to further define and update the R&D goals 
and milestones for GENERATION IV systems (see next chapter). 

 
The French nuclear power fleet: status and prospects 
 
The operating French nuclear reactor park comprises 58 PWR units owned and operated by EDF 
(Electricité de France). The FNR Phénix is jointly owned by CEA (Commissariat à l’Energie 
Atomique) and EDF. The 63.5 GW(e) installed nuclear capacity allowed the generation in 2006 
of approximately 430 TWh net, contributing to more than three quarters of the total electricity 
produced in France. 
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The construction of an EPR, a new reactor type, is being started at Flamanville for operation in 
2012. This 1600 MWe EPR type reactor and the Finnish EPR at Olkiluoto are the two first units 
of a standardised new family of GENERATION III reactors, designed by AREVA NP for 60 
years operation. This standardised GENERATION III reactor is designed as a highly competitive 
tool for electricity production. A decision for a large scale industrial deployment (series) is 
expected from the French utility by 2015. 
 
The first GENERATION IV prototype is to be built by 2020. Industrial implementation is 
expected by 2040. 
 
The following figure presents EDF vision on progressive implantation of GEN III and GEN IV 
reactors, according to its scenarios on future electricity demand as well as needs for older 
reactors replacement.  
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The fleet renewal scenario is based on 2 GWe/year new power capacity to be built starting from 
2020. 
 
The relationship between nuclear reactors successive generations and treatment plants evolution 
is illustrated below. 

 

82



 
  

Overview of the back-end developments in France 

About 1100 t of irradiated fuel are unloaded every year and transported to the AREVA NC La 
Hague Facility for treatment. 
 
AREVA has the capacity to reprocess up to 1700 tHM/year of irradiated fuel in its La Hague 
facility and to market 195 t/year of MOX fuel for French and foreign customers. At La Hague, 
two reprocessing plants are operational: UP2 dedicated to treat French PWR fuels and UP3 
initially dedicated by contract to treat foreign fuels (essentially Belgian, Dutch, German, 
Japanese, Swiss). French origin irradiated fuels are now also treated in UP3. All MOX fuels are 
now fabricated at the AREVA NC Melox plant in Marcoule. The AREVA NC Cadarache plant 
ceased MOX production in 2004. 
 
The back-end strategy and industrial developments are to evolve progressively according to 
future needs : 
 

• French NPP evolution, i.e.: changes in the fuel management strategy for operating 
PWRs, step by step implementation of EPR units, manufacturing of driver fuel for 
the GENERATION IV prototype, manufacturing of minor actinides bearing fuels to 
be tested in this demo plant, industrial implementation by 2040 of GENERATION 
IV fast systems. The associated fuel cycle technology is to be selected accordingly 
on an evolutionary design basis so as to be adaptable to the various possible 
recycling strategies and emerging needs of the market place. In this respect, three 
main R&D lines are kept open (see Chapter 3) for the next decade : 

 

o No pure plutonium separation process based on co-extraction/co-conversion of 
uranium and plutonium (COEXTM) – and possibly neptunium – as designed for 
GENERATION III reprocessing plants and which are close to near term 
industrial deployment. 

o Selective separation of long lived radionuclides from raffinate (with a focus on 
Am and Cm separation) based on the optimization of DIAMEX-SANEX 
processes for their recycling in heterogeneous mode in GENERATION IV 
systems. This option can also be implemented with a combination of COEXTM 

and DIAMEX-SANEX processes. 
o Group extraction of actinides (through GANEX processes) as a long term and 

challenging R&D goal for a homogeneous recycling of actinides in 
GENERATION IV fast systems. 

 
• New market needs : reprocessing of foreign irradiated fuels, IAEA multinational 

approach of the fuel cycle (e.g. through regional centres), plant with high efficiency, 
adaptable to MOX reprocessing both for PWRs and Fast Reactors, integrated fuel 
treatment-refabrication facility with no pure plutonium separation, manufacturing of 
high performance MOX fuels. 
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The legal framework for nuclear waste management 

The Waste Management Act of 1991 defined the legal framework for managing HLW. It 
organized the R&D along axis:  

• Separation and transmutation (with CEA and CNRS as main contributors); 
• Disposal in deep geological layers (R&D led by ANDRA); 
• Long-term (sub)-surface storage (R&D led by CEA).  

 
A status report assessing the most promising R&D routes was submitted to French authorities in 
2005. 
 
As a result, the legal framework for the waste management in France was updated with two 
important laws, both enacted in 2006: 

• The Law on nuclear transparency and security established a new independent safety 
authority ASN (Autorité de Sûreté Nucléaire). The ASN is chaired by a college of 5 
members appointed for 6 years. It ensures the control of nuclear safety and radiation 
protection to protect workers, patients, the public and the environment from risks 
related to the use of nuclear technology.  

 
• The Programme Act on the sustainable management of radioactive materials and 

wastes is about all types of radioactive waste (not only long lived high level waste). 
It defines three main principles concerning radioactive waste and substances: 
reduction of quantity and toxicity, interim storage of radioactive substances and 
ultimate waste, deep geological disposal. The law retains retrievable deep geological 
storage as the reference solution for long lived and high level waste. The French 
parliament will be consulted again by 2015 on possible designs of the disposal site. A 
national disposal centre might be operated by 2025 subject to Parliament 
authorization. The disposal in France of foreign irradiated fuel or radioactive waste is 
prohibited. The law defines financial arrangements for research, nuclear plants 
decommissioning charges, additional taxes on nuclear facilities to finance research 
programs. It provides also clear definitions for radioactive materials and waste and 
specifies that treatment is the way to reduce the volume and radiotoxicity of nuclear 
waste. A central point is the creation of a national management plan defining the 
solutions, the goals to achieve and the research actions to be launched to reach these 
goals. This plan is updated every three year and published (according to the law on 
nuclear transparency and security). The law insists on transparency and democratic 
control. 

 
The waste disposal managed by ANDRA 
 
Nuclear facilities are conditioning all waste according to safety authority requirements. Those 
originating from France can then be transferred to ANDRA for disposal, according to their 
specifications, in several dedicated sites. Conditioned high level and long lived wastes are stored 
at production sites pending the creation of a disposal site by ANDRA. 
 
ANDRA is currently operating the Soulaines disposal facility for Low and Intermediate Level 
Waste and the Morvilliers disposal facility for Very Low Level Waste. In 1999, ANDRA was 
authorized to build in the Bure area an underground research laboratory for long lived HLW and 
ILW disposal. 
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2. BACK END OF THE FUEL CYCLE IN FRANCE 
 
In France the closed fuel cycle increases the nuclear power program’s sustainability as it allows 
the recovery of fissile materials to fuel present and future generation reactors. It furthermore 
provides a safe and secure management of wastes while significantly minimizing the burden left 
to future generations. 
 
2.1. Present Status 

2.1.1. Irradiated Fuel Transportation and Interim Storage 

 

Approximately 1100 t of irradiated fuel are unloaded every year from the French reactors. 
After a few years of cooling down in pools at the reactor sites, irradiated fuel is shipped to the 
AREVA NC La Hague Facility where it is stored in pools for an additional cooling period 
before being reprocessed. The cumulated authorized pool capacity at the La Hague plant is 
about 18,000 tHM.  

Transports of French and foreign irradiated fuel to the La Hague plant are carried out by TN 
international, an AREVA NC subsidiary. The company has acquired a large international 
experience in metal casks and concrete casks for transport and/or storage of irradiated fuel. 

 

 

 

Irradiated Fuel Transportation cask. 

 

 

Irradiated Fuel Storage at La Hague Plant. 

2.1.2. Reprocessing 

In France, GCRs (Natural Uranium Graphite Gas Reactors), FBR's, PWR's and RTR's (Research 
and Test Reactors) were or are in operation.  The irradiated fuel coming from these different 
types of reactors have all been reprocessed in the past 40 years in 3 reprocessing plants: UP1, 
UP2 and UP3. The experience gained by the French industry has benefited other countries. By 
the end of 2006, more than 18,000 tHM of GCR fuel and approximately 22,700 tHM of LWR 
fuel coming from France and other countries had been reprocessed. 
 
UP1 (Marcoule) 
 
The UP1 reprocessing plant (PUREX process) located in Marcoule (Rhone Valley), started 
civilian operations in 1965 with the reprocessing of irradiated nuclear fuel from French and 
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foreign GCR reactors. In 1978 the first French vitrification facility (AVM) was added to the UP1 
plant to condition HLW waste. 

By 1997 end, GCR reprocessing had ended in UP1 and the plant was shut down in 1998. An 
Economic Interest Group for the management of all the decommissioning operations was set up 
by CEA, AREVA NC and EDF. The closing down phase including advanced rinsing and 
removal of nuclear material was completed in 2002 and total dismantling funded mainly by EDF 
and CEA should be accomplished within circa 30 years.  

AREVA NC La Hague (UP2 – UP3 plants) 
 

In 1966, a second reprocessing plant referred to as UP2-400 was commissioned in France, at the 
La Hague site (in Normandy). With a 400 tHM/year initial capacity, this plant was operated to 
reprocess GCR fuel. In 1976 a new head-end (High Activity Oxyde, HAO) was added to UP2 in 
order to reprocess LWR fuel. In 1994, UP2-400 was upgraded to meet the French growing 
reprocessing needs and renamed UP2 800.  

In 1989, an additional plant named UP3 was commissioned to reprocess foreign origin irradiated 
fuel.  

The two presently operating La Hague plants are based on the PUREX process.  

 

The AREVA NC La Hague Reprocessing site. 

Following a public inquiry in May 2000, AREVA NC was authorised in three decrees dated 
January 10, 2003, to modify the operating conditions of UP2 800 and UP3. The individual 
capacity of each of the two plants was raised to 1000 t per year of heavy metal (U or Pu), with 
the total capacity of the two plants being limited to 1700 t. 

La Hague historical production data 

About 22,700 tHM had been treated at AREVA NC La Hague by 2006 end (close to 12,700 tHM 
originating from France and more than 10,000 tHM of foreign irradiated fuel). 
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The next table details the status of irradiated fuels and materials received at La Hague by country 
of origin. Only 4% of the irradiated fuels and materials in pools by 2005 end are of foreign 
origin. 

 
 
La Hague occupational exposure 

For the last twenty years La Hague average occupational exposure has remained below natural 
background. Its 2005 level was 0.073 msV/per employee. As a matter of comparison, the 
European Union limit is 20 msV per employee per year. 
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La Hague impact on the local population 

The added dose on the most exposed population has been averaging about 0.01 msV per person 
per year for the last twenty years. As a matter of comparison, the European Union limit is 1 msV 
per person per year. 

 

 

AREVA NC (2005: 0.037 mSv/man/yr) 

SUBCONTRACTORS (2005: 0.119 mSv/man/yr) 

BACKGROUND RADIATION 
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2.1.3. Recycling 

 
Plutonium recycling 
 
EDF recycles PWRs plutonium from the reprocessing of its irradiated fuel in 20 of its 900 MWe. 

 

 

 

 

Reactors loaded with MOX (in orange) 
St-Laurent : B1 (1987), B2 (1988) 
Dampierre : 1 (1990), 2 (1993), 3 & 4 
(1998) 
Le Blayais : 2 (1994), 1 (1997) 
Tricastin : 2 & 3 (1996), 1 & 4  (1997) 

Gravelines : B3 & B4 (1989), B1(1997), B2 
(1998) 
Chinon : B4 (1998), B3 & B2 (1999), B1 
(2000) 
Reactors technically capable for 
moxification (in blue) 
Gravelines C5 & C6 
Blayais 3 & 4 
Cruas 1 & 4 
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As of December 31st 2006, more than 2700 MOX fuel assemblies had been delivered to EDF. 
MOX fuel loaded in French PWR's is licensed for an average burn-up of about 40 GWd/tHM. In 
order to further enhance the availability and performance of reactors in operation, studies have 
been undertaken to further improve MOX fuel and its in core management. The objective is to 
implement the MOX parity management ensuring that MOX fuel delivers an energy equivalent 
to the UO2 fuel with a 3.7% enrichment in uranium 235.  
The first plutonium recycling in France took place in the Rapsodie research reactor about forty 
years ago, the fuel being manufactured since 1961 at the Cadarache Plant located in the south-
east of France. This plant then fabricated the MOX fuel for Phenix and Superphenix fast 
reactors. In 1987, the Cadarache plant was upgraded to produce MOX fuel assemblies for LWR. 
Its 40 tHM/y capacity was reached by the mid nineties. The AREVA NC Cadarache site ceased 
its commercial MOX production in July 2003 and is currently conditioning the waste from its 
former operations, before being dismantled. 
 

All MOX fuel is now fabricated at the AREVA NC MELOX plant located in Marcoule (Gard 
region). This plant was commissioned in March 1995 reaching in 1997, its first nominal licensed 
capacity of 100 tHM/year. In September 2003, MELOX was authorized to increase its annual 
production level to 145 tHM. In September 2004, AREVA NC submitted a request to the French 
Competent Authorities to increase its production capacity from 145 to 195 HMt/year. License 
was granted in April 2007. Over 1,100 tHM of MOX fuel had been fabricated by 2006 end. 

 

View of the MELOX plant. 

 

RepU recycling  

Reprocessed uranium (RepU) recycling has been demonstrated in two units at the Cruas NPP 
since the mid eighties. The RepU inventory being a strategic resource, its increased utilization is 
an option considered by EDF taking into account the evolution of the natural uranium market. 
 
Reprocessed uranium is converted in COMURHEX plants at Pierrelatte, either to U3O8 for 
interim storage, or to UF6 for re-enrichment in centrifugation facilities. The enriched UF6 is then 
converted in the FBFC Romans plant (capacity 150 tHM/y) to UO2 fuel. 
 
2.1.4. Conclusion 

By 2006 end, about 22,700 tons had been processed at the AREVA NC La Hague plant and more 
than 1100 tHM of MOX fuel assemblies had been fabricated at AREVA NC MELOX Plant with 
minimum impact on public health and the environment: 
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• The occupational exposure at La Hague and MELOX is one or two orders of 
magnitude below the European Union limit of 20 mSv per employee per year. 

• The radiological impact on the environment falls well under 1% of the European 
Union limit for the general public of 1 mSv per year. 

• There had been no safety events at either of the two facilities above level 2 (incident) 
of the International Nuclear Event Scale which ranges from 0 (no safety significance) 
to 7 (major accident). 

• There is regular extensive third-party verified monitoring of the surrounding 
environment. 

 
2.2. Improvements and pROSPECTS FOR industrial developments  

2.2.1. Existing plant improvement 

UP2 and UP3 plant operations are based on the PUREX process. Their construction was decided 
in the seventies and massive production took place in the nineties, during which time plant 
operations were continuously improved. The uranium and plutonium separations factor has now 
reached 99.88%, leaving in the vitrified matrix only about one gram of plutonium for each kilo 
recovered, and contributing to the minimization of radiotoxicity and waste volume. 
 
Vitrification 
 
AREVA benefits from more than 20 years of industrial experience using hot crucible melter 
technology in three different vitrification facilities: AVM in Marcoule, R7 and T7 (respectively 
commissioned in 1989 and 1992) at the La Hague site. By the end of 2005, AREVA NC’s 
vitrification facilities had produced over 15,000 canisters of vitrified HLW. 
 

 

Current two step Vitrification process:  

About 22,700 tHM of irradiated fuel 
reprocessed in ‘La Hague’ 

 

Pouring glass fabricated by the current 
two step process into a container. 

 

After fifteen years of operation in R7 and T7, each with a nominal capacity of more than 550 
glass canisters per year, the life time of the melters exceeds design basis values by a factor of 
two. The feedback from active operation and R&D results has led to further improve the process 
in areas such as glass characteristics, associated technologies, operation and maintenance.  
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To broaden the performance range of the vitrification process, CEA and AREVA, with its 
engineering subsidiary SGN, have developed the use of the cold crucible melter (CCM) 
technology. It leads to a virtually unlimited equipment service life and allows a greater flexibility 
with respect to waste composition. The high specific power directly transferred to the melt by 
induction helps in adjusting glass temperatures. 
 

Direct-induction cold crucible vitrification 

Direct-induction melting consists in placing the glass that is to be heated inside an alternating 
electromagnetic field, generated by an inductor. This field causes induced currents, which 
dissipate energy through joule effect inside the material resulting in its melting. With direct 
induction, the point is to heat the material to be melted, directly, without heating the crucible. 
The latter, on the contrary, is cooled by water circulation, and sectorized, to ensure relative 
transparency to the electromagnetic field. 

 

 

 

Cold crucible developed for AREVA industrial 
application at La Hague. 

Compared with the current process, the cold-crucible melting technology brings major benefits. 
First of all, cooling the melting furnace allows a thin layer of solidified glass to form, protecting 
the crucible and precluding corrosion from the molten glass. Second, heating by direct induction 
within the molten glass bath allows higher fabrication temperatures to be achieved, thus enabling 
design of novel, higher-performance waste-confinement matrices. 
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The technological test platform set up in 2001 by CEA and AREVA to demonstrate the feasibility of the advanced 
cold crucible technology (  – Cold crucible (diameter 1.1 m) ,  – Pouring glass station,  – Gas treatment 
operation 

To increase throughput and flexibility (with respect to liquid feed as well as solid feed 
acceptance criteria), the ACCM (advanced CCM) variant was developed. This design allows (in 
a single step process) to directly feed the melter with solid or liquid waste flow, while improving 
the glass throughput capacity.  

Hulls and end fittings compaction (ACC and ECC units) 

The compaction facility (ACC, Atelier de Compaction des Coques), which started operation in 
2002, allows a four-fold reduction in waste volume resulting from fuel reprocessing. Structural 
parts of fuel elements (hulls and end-fittings) with long-lived radio-nuclides, which were 
conditioned in grout until 1995, are now compacted and packaged in universal canisters also 
used for vitrified waste. Each canister is filled with 5 to 7 discs according to their thickness, in 
order to produce less than 1.5 Universal Canister per ton of reprocessed irradiated fuel. Up to 
2,400 canisters yearly can be produced at the ACC.  

The Universal Canisters once produced in the compaction facility (ACC) are sent to an interim 
storage facility (ECC, Entreposage des Coques Compactées) before final shipment to the 
customer’s designated facility.  

New Effluent Management  

Thanks to the extraction process performance levels, the volume of low-and medium activity 
effluents produced are much below the estimates made during the facilities' design phase. The 
new management allows better sorting of the effluents, based on their radioactive and chemical 
content. After evaporation, concentrates containing most of the effluents' radioactivity are now 
vitrified with high-activity wastes without increasing the volume of glass produced (see next 
Table and Figure). Thanks to this process, there is no more ILW to bitumenize prior effluent 
discharge to the sea, as was previously the case.  
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Reprocessing by-product activity 

Percentage of activity α β γ 
(except tritium) 

Vitrified waste 99.5 97.6 
Hulls and end-fittings 0.4 2.3 
Total process waste 99.9 99.9 
Technological waste 0.1 0.1 

 

 

 
 
 
2.2.2. Broadening the range of operation in existing plants 

The reference fuel considered for the design and start-up of the UP3 and UP2-800 plants was 
uranium oxide fuel initially enriched to 3.25% in 235U, with a burn-up of 33 GWd/t and cooled 
for 3 years.  However, right from the very beginning of the La Hague site, AREVA NC was 
authorised, based on supporting studies, to use the HAO facility to reprocess other types of fuels.  
The UP3 and UP2-800 plants today process PWR and BWR fuels initially enriched to 3.7% in 
U235, with burn-up reaching 45 GWd/t, cooled for a minimal 4-year period.  

The general trend is toward higher burn-ups and subsequent higher initial enrichments (up to 
4.5 % or more).  

MOX and RTR fuel reprocessing campaigns have been performed demonstrating the flexibility 
of the La Hague plant and thus its technical ability to reprocess new generations of irradiated 
fuel without significant modifications. 
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2.3. Treatment/Recycling plant evolution 

The existing workshops at La Hague (commissioned in 1990) have been designed to operate 
for at least forty years. With operational and technical improvements taking place on a 
continuous basis, they are expected to be operating, with flexibility as required, until around 
2040 when GEN IV facilities (reactors and treatment facilities with advanced separation 
capabilities) should come on line. 
 
In the meantime, an integrated treatment/recycling plant could be built if requested by the 
market. Such a scheme considering the recycling of recovered fissile materials in MOX fuel 
(according to needs including in fast reactors) would rely as a first step on the COEX™ 
process that can be implemented rapidly, and later on upgraded with other advanced 
processes. A COEX™ GEN III Plants is an integrated plant (in line fuel treatment/re-
fabrication) with no separated plutonium (U and Pu co-extracted and kept together in solution 
all along the process), on line measurement of fissile materials inventory, and advanced 
safeguards devices. 
 
Going back to France (see section: “the French nuclear power fleet: status and perspective” of 
chapter 1), the evolution of a back-end scheme and associated technologies shall be consistent 
and synchronized with the evolution of reactor concepts and associated nuclear fuel cycles. 
Studies are presently undertaken to assess the capability and the interest of using the existing 
treatment and recycling sites, including La Hague, to host demonstration facilities to 
investigate advanced actinides separation options as required by the 2006 Act on “the 
Sustainable management of radioactive materials and waste”. Preliminary work has been 
initiated to investigate the possibility for two fuel fabrication facilities to be associated with 
the GENERATION IV reactor prototype: 
 

• Manufacturing of prototype driver fuel (10 t/year capacity); 
• Micro-pilot manufacturing of minor actinides bearing fuels for test irradiation (a 

few tenth of kg/year capacity). 
 

The fuel cycle workshops associated with the French GENERATION IV prototype: 
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3. Research and development for the future 

 
In France, the R&D on treatment processes is undertaken according to the national plan on 
radioactive materials and radioactive waste management updated every three years by 
Parliament according to the 2006 Act on sustainable management of radioactive materials and 
waste (see §1).  
 
This plan specifies a step by step R&D programme based on 3 routes (as an extension of the 
roadmap already defined in the framework of the 1991 waste management Act) which 
complement each other: 
 

Act 1: Partitioning and transmutation with the following key milestones: 
 
• 2012: assessment of GENERATION IV reactor and fuel cycle technologies and of 

their industrial feasibility 
• 2020: operation of a prototype fast reactor 
 
Act 2: Geological disposal for ultimate HLW with the following key milestones:  
• 2015: expected authorization for construction of the disposal. 
• 2025: target date to operate the disposal. 
 
Act 3: R&D on very long term interim storage. 

 
The R&D on treatment processes refers to axe 1.  
 
The fuel cycle scenarios are developed in an evolutionary approach so as to be consistent with 
changes progressively to be implemented in the French nuclear power park: 
 

• Extension of fuel burn-up in PWRs; 
• Extension of plant life time; 
• Parity of UOX and MOX fuels burn up; 
• Step by step shutdown of old facilities and renewal of the French reactor fleet 

with GEN-3 PWRs (such as EPR reactors); 
• Introduction of GEN-IV on the long run (by 2040) in a multi-strata scenario. 

 
In that respect, three main fuel cycle strategies are investigated by the CEA in order to 
provide technical (and economically acceptable) solutions that will ease the decision taking 
process when appropriate: 
 

• Optimization of U and Pu recycling strategy using existing PWRs and EPR units 
to be implemented in France NPP as a first step, co-management of U, Pu and 
possibly Np in GENERATION IV fast reactors as a second step. 

• Feasibility of minor actinides (MA) homogeneous recycling in driver fuels of 
GENERATION IV reactors (with a low content of MA, typically 3%). 

• Feasibility of MA heterogeneous recycling in about one third of the nuclear power 
park with a higher content of MA (typically 30%) in MOX blanket assemblies of 
GENERATION IV fast reactors or as target in Accelerator Driven Systems. 
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These three paths are symbolized in the figure below: 
 

 
 
Since the early nineties CEA has been undertaking research and development studies on the 
separation (recovery) of the minor actinides (MA) – i.e. neptunium (Np), americium (Am) 
and curium (Cm)-contained in the irradiated fuel. The reference strategy for separating these 
elements from the irradiated fuel is based on an adaptation of the PUREX process for the 
separation of Np and the development of new liquid-liquid solvent extraction processes 
DIAMEX and SANEX for the others (Am, Cm).  
 
The scientific feasibility of these processes has been performed at lab-scale within year 2005 
in ATALANTE (in cells equipped with pulsed columns, mixed-settlers, centrifugal contactors 
and Couette Effect columns), starting from about 13 kg of genuine uranium oxide irradiated 
fuel at around 60 GWd/t. 
 
The next step is to further assess the implementation on industrial scale of these three types of 
processes obviously at different stage of development today: 
 
(a) Separation processes based on co-extraction/co-conversion of uranium and plutonium 
(COEXTM) – and possibly neptunium – are already leading to the design of GENERATION 
III reprocessing plants which are close to near term industrial deployment  and are capable of 
satisfying new market needs (no pure plutonium separated, higher throughput, high MOX 
performances both for LWRs and Fast Reactors). 
 
(b) Selective separation of long lived radionuclides from raffinate (with a focus on Am and 
Cm separation) based on the optimization of DIAMEX-SANEX processes for their recycling 
in heterogeneous mode in GENERATION IV systems. This option (b) can be implemented in 
combination with COEXTM process option a). 
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c) Group extraction of actinides as an alternative fuel cycle strategy to allow for the 
homogeneous recycling of actinides in GENERATION IV fast systems. The reference 
process, called GANEX, is an adaptation of the DIAMEX-SANEX flowsheet and will be 
tested on genuine solution in 2008. 

 
 

First oxalic co-precipitation of (U,Np,Pu,Am) tested in CEA Atalante facility. 

 

 

 
 
 

The GANEX process flow sheet. 
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In that respect, the key milestones for the three routes (COEX, DIAMEX-SANEX, GANEX) 
are: 

• lab-scale process demonstration by 2009. 
• Technical feasibility of the envisaged three processes to be assessed by 2012 and 

selection of technologies to be tested for industrial scale development with the 
construction of two pilot plants : 
o One dedicated to the manufacturing of the driver fuel of the GEN-IV prototype 

plant to be built by 2020 by CEA (possibly based on the COEXTM technology) 
o One dedicated to the production of fuel assemblies containing minor actinides 

which could be tested under irradiation in the MONJU fast reactor and in the 
French GEN-IV prototype reactor. 

 
In the long run, the goal is to have a technology validated for industrial scale deployment of 
GEN-IV fast reactors by 2040. 
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Spent fuel treatment options and application — An Indian perspective 
 
 P.K. Dey 

 Bhabha Atomic Research Centre, Trombay, Mubai, India 

 

Abstract: India has opted for a three stage nuclear power programme based on a closed fuel cycle approach for 
the development of the nuclear energy. Currently India has a total of 16 operating power reactors comprising 14 
PHWRs and 2 BWRs with a total power capacity of 3.9 GW. The energy demand is growing by leaps and 
bounds and the per capita energy requirement is expected to cross 5000 KWh by the middle of the century. For 
the next 20 years, India will have to rely mainly on thermal and hydroelectric power. However in the long run, 
nuclear energy can play a vital role in the future energy mix since our coal reserve is finite and hydroelectric 
power addition can only be moderate. 
 
Reprocessing and recycling of the fissile and fertile components back into appropriate reactor systems is an 
integral part of the Indian nuclear energy programme. The limited natural uranium resources will be used up in 
the first phase and the vast resources of thorium is expected to be employed for sustained electricity generation 
in the third phase. The plutonium recovered from the first phase will serve as a link between the two phases 
where it will be deployed in fast reactors for enhancing the fissile inventory to launch the thorium fuel cycle. The 
choice of the reprocessing and plutonium recycle option has endowed the nuclear power program with a variety 
of midcourse options in both uranium and thorium fuel cycle. 
 
This spent fuel reprocessing programme was launched way back in 1964 with the commissioning of the plant at 
Tromby for the reprocessing of research reactor spent fuel. This was followed by setting up of another plant in 
1975 at Tarapur for the reprocessing of spent fuel from PHWRs. The next plant for the reprocessing of power 
reactor spent fuel was commissioned in 1998 at Kalpakkam to meet the growing requirements of the nuclear 
energy programme. India is about to step up its nuclear energy production and is ready to launch the second 
stage activities by setting up Fast Breeder Reactors. Reprocessing facilities are being augmented to meet the fuel 
requirements of the second stage. Process developments are in progress to meet the reprocessing challenges of 
the fast reactor fuel cycle. 
 
For India, the building up of fissile material inventory at a fast pace is a prerequisite for the early introduction of 
thorium in the power programme. To meet the challenges of a thorium fuel cycle, reprocessing of irradiated 
thorium for 233U recovery was initiated almost from the beginning. After pilot scale studies in the early seventies, 
an engineering facility started operating in this domain for the recovery of 233U from thoria irradiated in research 
reactors using Thorex process. An engineering facility for the recovery of 233U from thoria rods irradiated in 
PHWRs during the initial flux flattening is expected to be in operation soon. As a predecessor to the third stage 
reactor for utilisation of thorium, an Advanced Heavy Water Reactor(AHWR) employing both (Th-Pu)O2 and 
(Th-233U)O2 fuels in one cluster is being inducted into the nuclear power programme. Reprocessing of the spent 
fuel from this reactor will pose many challenges and will necessitate the development of a flow sheet for the 
recovery of three components viz. U,Th and Pu. Currently fuel cycle studies are initiated to develop suitable 
flow sheets to close the AHWR fuel cycle. 
 
Introduction 
 
India is in a unique situation as far as its nuclear resources are concerned. Hence a three stage 
programme was formulated in the middle of the last century to exploit the full energy 
potential of its resources1. The first stage utilizes the limited natural uranium resources for 
both power production and also for the conversion of uranium to plutonium. The Plutonium 
produced in the first stage will form the fuel for the second stage where it will be used in fast 
breeder reactors to produce power and to enhance the fissile inventory necessary for 
launching the third stage thorium based power reactors. Fig. 1. Shows the basic outline of the 
Indian nuclear energy programme. Reprocessing and recycling of both fissile and fertile 
components back into appropriate reactor systems is an integral part of this strategy. This 
programme is conceived half a century back and is valid even today. 
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Fig. 1. Three Stage Indian Nuclear Energy Programme. 

The first stage of the nuclear power programme, comprising setting up of Pressurised Heavy 
Water Reactors (PHWRs) and associated fuel cycle facilities, is already in the commercial 
domain. Sixteen power reactors ( 2 BWRs + 14 PHWRs ) are operating and four PHWRs  of 
220 MWe rating are under construction. The second stage envisages the setting up of Fast 
Breeder Reactors (FBRs) backed by reprocessing plants and plutonium-based fuel fabrication 
plants. A higher power-generating base through Fast Breeder Reactors is also needed to 
establish the use of thorium on a large scale in the third stage of our programme. A 40 MWt 
Fast Breeder Test Reactor (FBTR) has been operating at the Indira Gandhi Centre for Atomic 
Research (IGCAR), Kalpakkam, since attaining first criticality on 18 October 1985. FBTR 
uses a unique and indigenously developed mixed uranium carbide-plutonium carbide fuel, 
which has functioned extremely well up to the current burn up of about 100 000 MWd/t. The 
FBTR has provided valuable experience with liquid metal Fast Breeder Reactor technology 
and the confidence to set up a 500 MWe Prototype Fast Breeder Reactor (PFBR). The PFBR 
design is now ready and, with several full-scale components already manufactured by Indian 
industry, is well poised for start of construction. Project activities are already in progress at 
Kalpakkam near Chennai. The third stage will be based on the thorium-uranium-233 cycle. 
Uranium-233 is obtained by irradiation of thorium in PHWRs and FBRs. An Advanced 
Heavy Water Reactor (AHWR) is being developed at Bhabha Atomic Research Centre 
(BARC) to expedite transition to thorium-based systems. The reactor physics design of 
AHWR is tuned to generate about 75% power from thorium. In parallel with the indigenous 
self-reliant three-stage programme, Light Water Reactors are also being inducted to boost the 
nuclear power production. The ongoing construction of two 1000 MWe units at Kudankulam 
in technical cooperation with the Russian Federation is a step in this direction. Table 1 shows 
the power reactor programme. 
 

PHWR 
Natural 
Uranium 10 GWe , 40 y 

Electricity 

Depleted U 

Pu 

STAGE 2

Pu FUELLED 
FAST

BREEDERS

Th

Pu 233U 233U FUELLED 
BREEDERS

Th

233U

150,000 GWey 

Electricity 

Electricity

STAGE 1 STAGE 3 

530 GWe, 100 y
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Table 1. Power reactor programme 
 

POWER REACTORS 

Operating Reactors Nos x MWe Total MWe 
 

BWR 2 x 160 320 
PHWRs 1 x 100 
 1 x 200 
 10 x 220  
 2 x 540 

 
 

 3580 

Reactor Types under Planning/Construction  
PHWRs 4 x 220 880 
PWR 2 x 1000 
PFBR 1 x 500 
AHWR 1 x 300 

 
2800 

   
 

In the Indian context, PHWRs are the main stay of the nuclear energy programme. The spent 
fuel generation from a PHWR at an average burnup of 6600 MWd/t for a total 1 GW(e).Y 
power is ~166 THM. For the same power output the spent fuel output form a PWR with an 
average burnup of 33000 MWd/t is ~33 THM. The amount of minor actinide generation is 
more with the PWR where as the long lived fission product generation is comparable. The 
unused uranium and the generated Pu are larger in the case of PHWR. Thus a recycle strategy 
is required to extract maximum energy form the available uranium. Pu can be best utilised in 
fast reactors and will produce much lesser amount of minor actinides as almost all the 
actinides fission under a fast neutron spectrum. Use of Pu-U MOX irradiated in a thermal 
spectrum will enhance the minor actinide production and hence increase the radiological 
hazard. 
 
The minor actinide generation is several orders less when Th is used as the fertile material. Pu 
along with Th can be used as a fuel on an interim basis for power production till the design 
optimisation of fast reactors are finalised. This has the dual advantage of power production 
and increasing the fissile inventory.  
 
Electricity demand in India is increasing rapidly with the industrial growth and is expected to 
increase by several folds in the coming decades. A reasonable target of generating about 8000 
billion kWh per year by 2052 from the current level of 600 billion kWh per year is set and is 
to be achieved by judicious deployment of the available resources. Even though the 
conventional resources will continue to dominate, nuclear energy has to play a vital role in 
this energy mix as our conventional resources alone may not be able to sustain the energy 
growth. 
 
Status of Indian Fuel Reprocessing 2,3 
 
Reprocessing started in India in the early days of the nuclear energy programme based on 
indigenous efforts. At present, India has three reprocessing plants to extract plutonium from 
spent fuel, the first Plutonium Plant at Trombay has a capacity to reprocess 60 tons of 
research reactor spent fuel per year, the second and third plants at Tarapur and Kalpakkam 
each having a capacity to reprocess 100 tons of power reactor spent fuel per year. The 
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reprocessing capacity is being augmented in a phased manner to cater to the needs of the 
different reactor systems  as per the transition of the stages.  
 
Purex Process  
 
As early as 1964 India ventured into this technology based entirely on indigenous efforts 
which was till then available with only a select few countries. For the head end treatment, 
chemical dejacketting was followed by dissolution of the fuel in concentrated nitric acid under 
reflux conditions. The PUREX process comprised a decontamination cycle, a partition cycle 
and two separate parallel cycles for the purification of uranium and plutonium. The reductant 
used in the partitioning stage was ferrous sulphamate solution in nitric acid medium. The final 
purification of plutonium nitrate solution was by ion exchange. Being first of its kind, the 
design philosophy was completely based on direct maintenance concept. The successful 
operation of the plant also helped in providing plutonium for pursuing various programmes of 
nuclear research and development. This plant had to undergo many modifications during its 
lifetime and it was finally decided to decommission this plant to increase its life.  
 
The requirement to treat power reactor spent fuel necessitated the setting up of another 
reprocessing facility to treat zircaloy clad spent fuel. The commercially available BWR fuel 
chopper was adapted to suit the PHWR spent fuel. Uranous nitrate stabilised by hydrazine as 
the reductant for partitioning was introduced for the first time in this plant. Instead of the 
separate co-decontamination and partitioning cycle a combined co-decontamination cum 
partitioning cycle was introduced. The ion exchange purification of plutonium was replaced 
with a 20% TBP solvent extraction/stripping cycle to cater to the needs of higher Pu 
throughput. Austenitic stainless steel variety 304 L was the choice available at that point of 
time. Except for the head-end, which had provision for remote maintenance of in-cell 
equipment, the concept used for the rest of the plant was that of direct maintenance. Several 
campaigns of reprocessing were carried out under international safeguards also at this facility 
which provided valuable experience in material accounting practices to meet the international 
standards.  
 
This plant also provided experience in the design of appropriate packages and safe in-land 
transportation of spent fuels which is a vital input for locating the reprocessing facilities. 
Since 1975 there have been safe shipments of spent fuel involving thousands of kilometers by 
rail and road. 
 
With the advancements in the nuclear energy power programme, another  reprocessing plant 
was setup at Kalpakkam to augment the capacity. Fabrication, installation and commissioning 
of the plant was carried out with the involvement of industries. This step was necessitated to 
create the necessary infrastructure to keep pace with the advancements in the nuclear power 
programme. 
 
Around 40 years of experience in the spent fuel reprocessing based on PUREX process has 
given the confidence that this technology can be successfully employed for the recovery of 
both U and Pu with yield exceeding 99.5%. The gaseous and liquid effluents undergo 
thorough processing prior to the discharge to the environment. Over the years, improved 
practices has brought down the environmental discharges to much lower levels than the 
stipulated values. The materials for reprocessing plant have to ensure resistance against 
intergranular corrosion in nitric acid at different concentrations and elevated temperatures. 
Currently the nitric acid grade stainless steel produced in India for reprocessing applications 
has already achieved a corrosion resistance rate as low as a value as 10 mpy 
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Thorex Process 
 
Most of the experience in THOREX domain has come from the recovery of low amounts of 
233U bred in irradiated ThO2 from CIRUS research reactor. An engineering scale facility is in 
operation at Trombay for the processing and recovery of 233U from  CIRUS  and Dhruva 
irradiated thorium fuel rods. The modifications felt necessary from the pilot plant have been 
incorporated in the design of equipment and in the choice of  process flowsheets. Specially  
designed CALMIX  mixer settlers have been chosen as contactor equipment. The scrub 
section has  been extended sufficiently  to  provide  for adequate scrubbing of thorium from 
the uranium loaded organic. The tail-end purification of 233U is done by cation  exchange 
process. The thorium oxalate precipitation and separation route is  being installed as 
laboratory back-up procedure for final purification of 233U.  
 
Further studies are required to deal with the reprocessing of irradiated ThO2 bundles used in 
the initial flux flattening of PHWRs. These bundles had contributed to the power generation 
during its stay in the reactor and the 233U bred had undergone fission to significant extent. The 
radioactivity from fission products will be considerable and the 232U concentrations are also 
expected to be much higher. This will necessitate fine tuning of some of the process 
parameters. 
 

Fast Reactor Spent Fuel Reprocessing4 

Fast reactor spent fuel reprocessing studies are vital for the closing of fuel cycle and R&D 
studies were initiated almost two decades back. A pilot plant, the Lead Mini Cell (LMC), for 
demonstrating fast reactor fuel reprocessing had been setup for the reprocessing of spent 
mixed carbide fuel from fast breeder test reactor. Recently in LMC, mixed carbide fuel upto 
100 GWd/t burnup with short cooling period had been successfully reprocessed for the first 
time. The results of the LMC reprocessing campaigns were extremely encouraging. It has 
given valuable inputs to undertake the design of chopper, dissolver and centrifugal extractors 
for an engineering scale fast reactor reprocessing plant. Lot of experience has been gained in 
the remote operation and maintenance of hot cell equipment using incell gadgets. The 
successful reprocessing of 100GWd/t burnup short cooled fuel through the PUREX process 
has proved the credentials of the method even for the reprocessing of fast reactor fuels. 
 
Research & Development in Fuel Cycle Activities 
 
U-Pu fuel Cycle 

Partitioning and Transmutation (P&T) has been in the focus for the past few decades as a 
means of reducing the radiological hazard. The radiological hazard is mainly confined to the 
spent fuel and the HLW generated during reprocessing of the spent fuel. In the initial few 
hundred years fission products 137Cs and 90Sr are the major contributors to the radiological 
hazard. But beyond 1000 years actinides Np, Am and Cm and long lived fission products like 
129I, 135Cs, 99Tc etc predominate the scenario. P&T strategy envisages the partitioning of these 
nuclides generally left out in the waste and transmuting them into short lived nuclides or 
fission products which can completely decay under 1000 years, the safe limit of the present 
repositories. 
 
Purex process modifications are sufficient to take care of the two most important long lived 
fission products viz. 99Tc and 129I. Iodine is converted to vapour state during dissolution and is 
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trapped in suitable sorbents and the dissolved 99Tc can be separated from the loaded organic 
by using a suitable scrub. Process to recover the Tc from the solid residue is being explored. 
  
In the Indian context, a 0.2 M CMPO diluted in 1.2 M TBP in dodecane was employed in the 
development of process flow sheet for actinide partitioning from the PUREX HAW of PHWR 
origin5. A 30% TBP pre-contact to the HAW was found to preserve the capacity of CMPO for 
the less extractable Am and Cm6. In order to take care of the acid reflux and also to reduce the 
waste volume generation during back wash of Np,Pu and trivalent ions, a reagent mixture 
containing 0.4 M N2H4 +0.4 MHCHO +0.1 M citric acid was developed7,8. This reagent can 
strip all the TRU elements along with rare earths in a small volume. Studies using alternate 
reagents line DMDBTDMA9, TEHDGA10, etc. are in progress to evaluate their performance 
prior to finalising the flowsheet. 
 
Cs removal from the actinide depleted CMPO raffinate was tested with granulated AMP11. 
Separation of Ce from Am by electro-oxidation of Ce followed by its extraction has been 
developed12. Extraction chromatographic separation of 147Pm and 90Y were also achieved as a 
byproduct of this campaign13,14. 
  
Fast Reactor Fuel Cycle Facility, an integrated facility, is proposed to be built at Kalpakkam, 
Tamilnadu to cater to the reload fuel requirement of Prototype Fast  Breeder Reactor being 
setup at that centre. This facility will comprise of a spent fuel reprocessing plant, Waste 
management plant, fuel fabrication plant, reprocessed uranium oxide plant, core assembly 
plant and common services and utilities catering to all plants in this facility. The reprocessing 
plant is designed to reprocess the irradiated fuel subassemblies and radial blanket 
subassemblies from PFBR and deliver PuO2 and U3O8 powder for fuel fabrication plant and 
reprocessed uranium oxide to reprocessed uranium oxide plant. The reprocessing is planned in 
such a way that the out of core inventory of the fissile material is kept to a minimum. This 
reprocessing facility will also cater to the reprocessing of pellet rejects from the fabrication 
plants. The solid and liquid wastes generated in the reprocessing plant will be treated in the 
waste management plant. 
 
In processing high burn-up, short cooled fast reactor fuels, multiple recycle of Pu would pose 
problems in the process and in the handling of the final products due to alpha, gamma and 
neutron radiations arising from increasing amounts of 238Pu, 241Am and Cm isotopes. The 
radiolytic degradtion of TBP may also be severe. Under these circumstances pyroprocesses  
may become an alternative to aqueous reprocessing. A proliferation resistant regime is one in 
which all the actinide produced in the spent fuel is recycled back to the reactor with much 
lower decontamination from fission products. This can be best achieved by employing pyro-
metallurgical processes. This has resulted in renewed interest in non aqueous route especially 
in the molten salt electrolysis. Even though the closing of the fuel cycle has been 
demonstrated on a small scale, a lot of research and development activities are needed to 
make it a commercially viable process. In the Indian Context deployment of metallic fueled 
fast reactors are ideally suited to support the energy requirement. Pyro-processes are more apt 
for treating the high burnup fuels with short cooling. All-round efforts are in progress to 
develop this technology into a matured process by the time the metallic fuelled reactors 
become a reality15. Fig. 2 is a schematic of the advanced fuel cycle 
 
Th-233U Fuel Cycle 

The (n,2n) reactions encountered during the irradiation of thorium lead to the formation of 
long lived 231Pa and relatively short lived (68.9 yrs.) 232U with its hard beta gamma emitting 

106



 

daughter products. Thus the 233U produced in the reactor is contaminated with 232U and the 
level of contamination depends on the isotopic composition of initial thorium fuel, the burn 
up and the neutron spectrum encountered in the reactor. The radioactive contamination from 
232U in the separated 233U product and from 229Th and 228Th in the separated thorium product 
will have to be taken into consideration while handling these products. 231Pa is the main long-
lived actinide that needs to be assessed for its long-term environmental impact in THOREX 
High Level Waste. 
 
A facility named the Power Reactor Thoria Reprocessing Facility (PRTRF) is being 
constructed at Trombay for processing the irradiated Thoria bundles from PHWR, to separate 
233U. This facility would provide rich experience as several new technologies are being 
adopted in the flowsheet. 
 
The process flow sheet involves dismantling of the spent fuel bundle end plates for the first 
time by using a 150 Watt NdYAG LASER mounted on CNC. Individual pin from the bundle 
will be chopped into pieces in one stroke and fed into dissolver for leaching with nitric acid in 
the presence of sodium fluoride-aluminium nitrate. 233U will then be selectively extracted 
using 5% TBP/NPH in CALMIX contactors and further purified by ion exchange prior to 
conversion to oxide. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AHWR Spent Fuel Reprocessing 16,17 

Advanced heavy water reactor(AHWR) designed with the dual objectives of exploiting the 
expertise acquired from the PHWR operation and to gain all-round experience in the thorium 
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fuel cycle. This reactor will serve as a predecessor to the third stage reactors which will be 
based on thorium-233U fuel cycle and will provide the much needed vital information to 
initiate this fuel cycle. AHWR, a hybrid reactor, is an innovative reactor design meeting the 
dual objective of interim utilisation of the PHWR produced Pu and introducing the available 
Th resources to enhance the fissile inventory. This reactor uses Th-Pu fuel bundles along with 
Th-233U fuel bundles.  
 
The arrangement of pins in the fuel cluster is shown in Fig. 3. The cluster has 54 fuel pins 
arranged in 3 concentric rings around a central rod. The 24 fuel pins in the outer ring have 
(Th–Pu)O2 as fuel and the 30 fuel pins in the inner and intermediate rings have (Th–233U)O2 
as fuel. The innermost 12 pins have a 233U content of 3.0 wt.% and the middle 18 pins have 
3.75 wt.% 233U. The outer ring of (Th–Pu)O2 pins contain 3.25 wt.% of total plutonium, of 
which the lower half of the active fuel has 4.0% Pu and the upper part has 2.5% Pu. The fuel 
pin consists of fuel pellets confined in a Zircaloy-2 clad tube. The central rod has a tubular 
construction with holes for direct injection of ECCS water on the fuel rods. It also contains 
dysprosium capsules containing dysprosium oxide in Zirconia matrix.  
 

 
Fig. 3. AHWR Fuel Cluster. 

The AHWR fuel cycle is a closed fuel cycle, envisaging recycle of both fissile 233U and fertile 
thoria back to the reactor. The currently envisaged fuel cycle time is eight years. This 
comprises four years for in-reactor residence time, two years for cooling, one year for 
reprocessing and one year for refabrication. Since the 233U required for the reactor is to be 
bred in situ, the initial core and annual reload for the initial few years will consist of (Th–
Pu)O2 clusters only. After reprocessing, 233U is always associated with 232U, whose daughter 
products are hard gamma emitters. The radioactivity of 232U associated with 233U starts 
increasing after separation. This poses radiation exposure problems during its transportation, 
handling and refabrication. Hence, it is targeted to minimize delay between separation of 233U 
and its refabrication into fuel. In view of this, a co-location of the fuel cycle facility, 
comprising reprocessing, waste management and fuel fabrication plant with theAHWR has 
been planned. The 233U-based fuel needs to be fabricated in shielded facilities due to ractivity 
associated with 232U. This also requires considerable enhancement of automation and 
remotization technologies used in fuel fabrication. The spent fuel cluster, before reprocessing, 
would undergo disassembly for segregation of (Th–Pu)O2 pins, (Th–233U)O2 pins, structural 
materials and burnable absorbers. The (Th–233U)O2 pins will require a two stream 
reprocessing process, i.e., separation of thorium and uranium whereas the (Th–Pu)O2 pins will 
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require a three stream reprocessing process, i.e., separation of thorium, uranium and 
plutonium.  
 
This will necessitate the integration of the well known Purex process with Thorex process in 
some combination. A schematic flow sheet is shown in Fig. 4  
 
Irradiated thorium processing also needs developmental efforts for better head-end techniques 
for decladding and dissolution of zircaloy and stainless steel clad Thoria, corrosion resistant 
materials of construction, modifications in process to deal with irradiated ThO2-PuO2 fuels, 
behaviour of 231Pa in the process and its long term impact in waste, radiological safety in 
handling 233U/232U. The state of the art remote handling technology and robotics will have 
their maximum application because of the associated activity of 232U daughter products. 
 
Transmutation studies with actinides and long lived fission products are being planned in the 
FBTR and PFBR systems. 
 
From the initial parametric studies Accelerator Driven Systems are identified as the best 
suited device for the transmutation of nuclides. A lot more need to be understood before 
designing dedicated ADS for incineration of radioactive waste on a commercial scale.  
 
In spite of all these capabilities P&T is not a substitute for geological repositories. It can only 
reduce the actinide burden in the HLW and is in fact a complimentary process for obtaining 
design and safety clearance for geological repositories.  
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Spent fuel treatment options in Japan 
 

 G. Uchiyama 

 Japan Atomic Energy Agency, Ibaraki-Ken, Japan 

 

Abstract: Japan has scarce energy resources and depends on foreign resources for 81 % of its energy needs. 
Therefore, Japan has made efforts to utilize nuclear power as a key energy source since mid-1950's. Today, 55 
nuclear power plants are in operation with total power capacity of 49 GW currently, which produce about one-
third of the total electricity generation in Japan. Japan's policy of spent fuel management is to reprocess spent 
nuclear fuel and recycle recovered plutonium and uranium as nuclear fuel. Tokai reprocessing plant completed 
reprocessing service at the end of March 2006 The cumulative amount of spent fuel reprocessed in the plant was 
1,116 t of spent fuel including 10 t of MOX fuel from the experimental Advanced Thermal Reactor (ATR) 
"FUGEN". Japan’s first commercial reprocessing plant at Rokkasho-mura is scheduled to start service operations 
in August 2007. Although FBR is the principal reactor to use plutonium, LWR will be a major power source for 
some time and recycling of the fuel in LWR will be promoted. 
 
1. INTRODUCTION 1) ,2), 3) 

Research and development, and commercialization of peaceful use of nuclear energy have 
been carried out since mid-1950’s. Today, nuclear energy plays an important role as a key 
energy source in electricity supply. From its initial stage, Japan’s nuclear energy development 
and utilization program has consistently called for recycling of nuclear fuel. In October 2005, 
the Atomic Energy Commission of Japan (AEC) decided new “Framework for Nuclear 
Energy Policy”. The Framework consists of basic measures for promotion of nuclear 
activities, nuclear energy utilization and radiation application, research and development in 
these fields, international cooperation, and review of policy implementation. The framework 
says that Japan needs to use nuclear energy as one of the major means of electricity 
generation for a long term in accordance with Japan’s Energy Basic Policy Law enacted in 
2002 which requests three principles for future energy sources, namely, stable supply, 
harmonization with global environment and economical competitiveness. The framework also 
says that reprocessing of spent fuel and effective usage of the recovered plutonium and 
uranium are appropriate from the viewpoints of energy security, reduction of potential harm 
from radioactive waste disposal, adaptability to future uncertainty and so on, while ensuring 
safety and non–proliferation. 
 
In Japan, 55 nuclear power plants are in operation with total power capacity of 49 GW 
currently, which produce about one-third of the total electricity generation in Japan. The 
existing nuclear power plants will be used efficiently and as long as possible, possibly 60 
years as their life times. With respect to replacement of the existing nuclear power plants 
starting around 2030, advanced model of the current LWRs should be developed. FBRs will 
be commercialized by 2050. The FBR capacities will increase depending on plutonium 
inventory. The recovered plutonium and uranium by reprocessing of spent fuel from LWRs 
will be used in LWRs until around 2050, and then in FBRs. From 2010 the Government will 
start the deliberation of the future fuel cycle strategy to be followed after the retirement of 
Rokkasho Reprocessing Plant, taking into consideration the progress of the R&D of FBR fuel 
cycle system. 
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2. LWR FUEL REPROCESSING 

2.1. Tokai Reprocessing Plant, JAEA 

The Tokai reprocessing plant, which is the first reprocessing plant in an industrial scale in 
Japan, is owned and operated by JAEA. The plant with a capacity of 0.7 t/d went into the hot 
test operation in September 1977 and was commissioned in January 1981. The service 
operation in the plant under contracts with Japan utilities was completed on the 31st of 
March 2006. Although the plant has experienced several troubles with long interruptions, the 
total amount of 1,116 t of spent fuels including 10 t of MOX fuel from the experimental 
Advanced Thermal Reactor (ATR) "FUGEN" in JAEA was reprocessed during service 
operation about 25 years. The major troubles encountered in the Tokai plant were due to the 
corrosion of process equipments such as an acid recovery evaporator and two dissolvers. 
Through the development of new corrosion resistant material, the modification of procedures 
for fabrication and welding and the development of a remote controlled device for repairing, 
the plant operation became satisfactory with annual processing of 50 to 70 t in 1985. 
 
From April 2006, operations at the Tokai plant were shifted to research and development 
efforts on the reprocessing of spent fuels including MOX fuel from the FUGEN. Operation 
and maintenance experiences will be provided for JNFL in order to promote the establishment 
of the commercial reprocessing plant. 
 
2.2. Rokkasho Reprocessing Plant, JNFL 

Japan Nuclear Fuel Ltd. (JNFL) has started construction of a reprocessing plant with a 
capacity of 800 tU/year in April 1993, in Rokkasho-mura, Aomori-ken. The principal facility 
specification is shown in Table 1. 
 
Table 1  Principal Facility Specification of Rokkasho Reprocessing Plant 

Reprocessing plant Method PUREX 
Capacity: 800 tU/year 

4.8 tU/day (maximum) 
Spent fuel storage pool 3,000 tU  

(1,975 tSF, end of September 2006) 
Spent fuel: Residual enrichment less than 3.5 wt.% 
Cooling time over 1 year before receipt 

over 4 years before reprocessing 
Burnup 55,000 MWd/tU (max.) 

45,000 MWd/tU (average) 
 
The construction of fuel receiving and storage facility was completed in 1999. The facility can 
store 3,000 tU of spent fuel. About 640 tU of spent fuel is now stored. The water-flow testing 
was started at the head end building of the plant in April 2001. The testing steps are the 
following; chemical test, uranium test and active tests using spent fuel. The active tests are 
scheduled to run for 17 months, with a total of 430 tU of spent fuel to be used. 
 
The completion of tests and construction of the plant is scheduled in August 2007. JAEA will 
technically support them based on the contract.  
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3. R&D ACTIVITIES IN REPROCESSING 

3.1. Progress of Feasibility Study of FBR Cycle Systems 4),5),6) 

The feasibility study was initiated by the joint program of JAEA and mainly Japan utilities in 
1999 as shown in Figures 1 2. In the first two years, the screening of feasible candidate 
concepts of commercialized FBR cycle systems including reactor type, reprocessing and fuel 
fabrication was carried out with development targets as shown in Table 2. 
 
 

 

Figure 1 Concept of FR Cycle System. 

 
Figure 2  R&D Prospects Until Approximately 2015. 
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Table 2  Technological Goals for Feasibility Study 

 
 

 
 
 
In the Phase 2, the feasibilities of several promising FBR systems have been studied more in 
detail for 5 years. The most promising FBR cycle system and two subsidiary FBR cycle 
systems were proposed. The most promising FBR cycle system proposed in the Phase 2 
consists of a sodium-cooled reactor with oxide fuel, an advanced aqueous reprocessing 
(NEXT process) with low decontamination factor to enhance nuclear non-proliferation and 
reduce the cost and a fuel fabrication with a simplified pelletizing process as shown in 
Figure 3. One of the subsidiary FBR cycle systems consists of a sodium-cooled reactor with 
metal fuel for higher breeding ratio, a reprocessing with pyroprocess (electro-refining 
process) and a fabrication with injection casting process as shown in Figure 4. The other 
system consists of a helium gas-cooled reactor with nitride fuel, an advanced aqueous 
reprocessing (NEXT process) and a coated particle fuel fabrication. The results of Phase 2 
study are evaluated by Japanese government (MEXT, METI as well as AEC) in 2006. In the 
Phase 3 starting from 2006, the feasibility study is much concentrated on the most promising 
FBR cycle system to develop basic design and confirmation of their technological feasibility 
by necessary R&D in order to make an appropriate picture of commercial FBR cycle system 
and R&D program leading up to commercialization. The reprocessing processes to be 
developed in the Phase 3 are the NEXT process and the electro-refining process as follows:  
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Figure 3 Concept of the combination of the advanced aqueous reprocessing system and the 
simplified pelletizing fuel fabrication system. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Concept of the Combination of the Metal Electro-refining Reprocessing System and 
Injection Casting Fuel Fabrication System. 
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(1) NEXT Process (New Extraction System for TRU Recovery) 7)8)9) 

The NEXT process consists of high efficiency dissolution, crystallization, U/Pu/Np co-
recovery and MA recovery with solvent extraction for trivalent f-elements Intra-group 
separation in CMPO-complexant system (SETFICS). The NEXT process eliminates “the 
purification process of uranium product and plutonium product,” which is one of the main 
processes in the conventional PUREX process, because a certain amount of FPs in recycled 
fuel with low decontamination can be accepted into the FBR cycle. In addition, the 
introduction of crystallization technology, which will recover approximately 70% of the 
uranium dominating the heavy metal mass in the solution of spent fuel beforehand, allows a 
drastic reduction of the throughput in the following processes, leading to a streamlining of 
installations. 
 
The SETFICS process for actinides(III) recovery requires a concentrated salting-out reagent. 
Hydroxylamine nitrate, a salt-free reagent, is adopted as a salting-out reagent instead of 
sodium nitrate to decrease the amount of secondary waste. 
 
Some alternative technologies are also investigated; the supercritical fluid direct extraction 
process as the alternative for the dissolution and U/Pu/Np co-recovery, and the extraction 
chromatography process as the alternative for the SETFICS process. The supercritical fluid 
direct extraction process shown in Figure 5 has been developed in collaboration with 
Mitsubishi Heavy Industry Co. and Nagoya University. In the process, supercritical carbon 
dioxide (sf-CO2) is used as a diluent of TBP solvent instead of normal-dodecane. A spent fuel 
is firstly pulverized by a dry oxidation/reduction method (AIROX) and contacted with sf-CO2 
containing TBP and nitric acid. Uranium and plutonium are selectively extracted into sf-CO2 
phase with remaining FPs in solid state. The process enables to combine dissolution and co-
decontamination steps and eliminates wastes originated from nitric acid and diluent.  
 

 

Figure 5 Supercritical Direct Extraction Process. 
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(2) Pyroprocess (Electro-refining process) 10) 

Pyroprocess, electro-refining process, employs molten salts and liquid metals for treatment of 
spent fuel. It can recycle metal fuels from FBRs and process oxide fuels from LWRs with 
appropriate head end technologies reducing oxides to metals to recover uranium and 
plutonium for feed to FBRs. In small-scale process feasibility tests which have been carried 
out by CRIEPI both in collaboration with JAEA and in collaboration with the Institute for 
Transuranium Elements (ITU) of the EU, the electro-refining tests for U-Pu-Zr ternary alloy 
fuel containing MA were performed and fundamental data, such as recovery ratio of MA, 
were obtained. Also, tests for plutonium recovery by liquid Cd cathode were carried out using 
U/Pu ratio in salt as a parameter. It was confirmed that recovery of heavy metals at a 
concentration exceeding the design value (10 wt%) is possible and the possibility of 
rationalization of the system was confirmed.  
 
3.2. Fundamental research activities on reprocessing in Japan 

The target of the fundamental research in Japan is to modify the PUREX process in the short 
range scope and to develop innovative reprocessing process with partitioning functions of MA 
and long-lived FPs in the long range scope, by applying advanced technologies in the key area 
of reprocessing and waste management. The reprocessing processes in the fundamental 
research are outlined below. 
 
(1) PARC Process 11) 

PARC (Partitioning Conundrum key) process has been developed by JAEA to enhance the 
confinement capability of long-lived nuclides in a simplified PUREX process. The process 
consists of four systems. (1) Iodine-129 and Carbon-14 are removed from dissolver off-gas in 
the head-end treatment system. (2) Technetium and neptunium are extracted by TBP with 
uranium and plutonium in improved co-extraction step. (3) Extracted neptunium and 
technetium are separated effectively from uranium and plutonium stream before U/Pu 
partitioning step. In this step Np(VI) is reduced selectively with normal-butyraldehyde to 
Np(V) in the co-presence of U(VI) and Pu(IV). (4) Americium and curium are separated from 
the raffinate of the co-extraction step with adsorption technology using the combination of 
CMPO and alkyl-BTP solvents. In this process normal-butylamine compound is adopted as a 
salt-free solvent washing reagent. The separation efficiency of long-lived nuclide in the 
process was measured in chemical flow sheet experiments using spent fuels burned up to 
44 GWD/tU. 
 
(2) 4-group Partitioning Process 12) 

The 4-group Partitioning Process has been studied in JAERI. In the process, HLW exhausted 
from reprocessing plant is partitioned into four groups: transuranic elements (TRU), Sr-Cs, Tc 
platinum group metals (PGM), and other elements. TRU is transmuted in ADSs. Sr-Cs is 
contained in calcined waste forms and to be disposed in a compact manner after certain period 
of cooling and/or utilization as a heat source or a radiation source. Tc-PGM can be utilized as 
catalysts or will be disposed. The other elements can be disposed as glass waste forms which 
no longer have intense heat sources or strong long-term radiological toxicity. To demonstrate 
the feasibility of the process, flow sheet experiments using real liquid waste were conducted 
for the preprocess, the extraction process by diisodecylphosphoric (DIDPA) for MA 
separation, the precipitation process through denitration for Tc and PGM separation, and the 
adsorption process with inorganic ion exchangers for Sr and Cs separation.  
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(3) ARTIST Process 13) 

ARTIST process (Amide-based Radio-resources Treatment with Interim Storage of 
Transuranics) has been studied in JAEA. The extractants called BAMA and TODGA are used 
for uranium separation and all TRU separation, respectively. One of the advantages of the 
process is to use phosphorus-free agents consisting of carbon, hydrogen, oxygen, and nitrogen 
(CHON principle) to reduce the waste from the process. Basic experimental data for these 
extractants have been accumulated so far. Basic study is also under way to separate Sr and Cs 
from the liquid solution after the TODGA process and to separate Am and Cm from 
lanthanides. 

(4) ERIX Process 14) 

ERIX process (The Electrolytic Reduction and Ion Exchange Process for reprocessing Spent 
FBR-MOX Fuel) was proposed by Institute of Research and Innovation (IRI). The process 
consists of (1) Pd removal by selective adsorption using a specific anion exchanger, 
(2) electrolytic reduction for the valence adjustment of the major actinides including uranium, 
plutonium, neptunium and some FPs such as technetium and ruthenium, (3) anion exchange 
separation for recovery of uranium, plutonium and neptunium using a new type of anion 
exchanger, AR-01, and (4)selective separation of long-lived minor actinides (Am and Cm) by 
extraction chromatography. Hot tests for the recovery of uranium and plutonium from a nitric 
solution of an irradiated MOX-fuel from which Pd had been removed by the SiPyR-N3 
column were carried out according to the main process of the ERIX flow sheet. 
 
(5) NCP Process 15) 

The simple reprocessing method based on precipitation using N-cyclohexyl-2- pyrrolidone 
(NCP) as a selective precipitant for uranium and plutonium ions from dissolved solutions of 
spent FBR fuels has been developed by Tokyo Institute of Technology(TITEC). The process 
is capable of constructing main reprocessing process using two precipitation stages. In this 
method, N-cyclohexyl -2-pyrrolidone (NCP) is used as a selective precipitant for uranium and 
plutonium. Precipitation behaviors of uranium, plutonium and other TRU with N-cyclohexyl-
2-pyrrolidone (NCP) were examined to develop a simple reprocessing process of spent 
nuclear fuel based only on precipitation method. Precipitation behaviors of uranium, 
plutonium and other TRU with NCP were examined in the fundamental experiments. 
 
(6) ORIENT Cycle 16) 

The conceptual recycling system named as the ORIENT (Optimization by Removing 
Impedimental Elements) cycle was proposed by JAEA. The concept of the ORIENT cycle is 
that unneeded elements for recycling should be rejected from spent nuclear fuel. Elements in 
FBR spent fuels were classified into 4 groups, (1) core fuel, (2) vitrified waste, 
(3) transmutation and (4) low level waste, according to the property of reaction with neutron, 
radioactivity, fuel fabrication and vitrification. As a result, actinides (U, Np, Pu, Am and Cm) 
and long-lived FPs are recycled as a fuel. FPs with short half lives are treated into low level 
waste other than vitrified waste. 
 
(7) FLUOREX Process 17) 

FLUOREX was proposed by Hitachi Ltd. for the LWR cycle and for a future LWR/FBR 
(coexistence) cycle. The FLUOREX process is a hybrid system that combines fluoride 
volatility and solvent extraction methods; most of the uranium in spent fuel is separated 

120



 

efficiently by the fluoride volatility method and MOX is recovered by the well-established 
conventional PUREX process. Semi engineering scale experiments were carried out for the 
fluorination, conversion by pyrohydrolysis, and dissolution of Pu containing materials in 
order to examine the principle of the FLUOREX process. 
 
(8) Oxide Electro-winning Process 18) 

The oxide electro-winning process has been developed by JAEA in collaboration with 
Research Institute of Atomic Reactor (RIAR) in Russia. In the oxide electro-winning process, 
uranium and plutonium are recovered as mixed oxide. Several basic experiments were carried 
out to confirm the electrolysis condition using uranium, plutonium, some rare earth elements 
as FP simulators, and Fe, Cr as corrosion product simulators.  
 
4. FUEL CYCLE FACILITIES OTHER THAN REPROCESSING 

The development of MOX fuel fabrication by JAEA started at the Plutonium Fuel 
Development Facility (PFDF) in 1965. To fabricate fuels for FBR and ATR, JAEA has been 
operating the Plutonium Fuel Fabrication Facility (PFFF) and the Plutonium Fuel Production 
Facility (PFPF). Corresponding to the operation of the Rokkasho reprocessing plant, a 
domestic MOX fuel fabrication plant for LWRs is planned for commercial operation with a 
capacity of around 100 t of MOX fuel per year by 2012. 
Concerning plutonium utilization in LWRs, the Japan utilities have planned to start the 
plutonium usage in 16 to 18 LWRs by 2010. However, the first program was suspended due 
to the falsification of the MOX fuel fabrication data several years ago. Currently, two power 
plants are waiting MOX fuel after having received permission of MOX fuel utilization from 
the licensing authorities, and several other utilities are preparing to receive permission of 
MOX fuel usage in LWRs. 
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Spent nuclear fuel management system in the Russian Federation, 
SNF stockpile and plans for reprocessing 

 
 A.V. Khaperskaya, Ev. G. Kudryavtsev 

 Rosatom, Moscow, Russian Federation 

 

A strategic policy of the development of nuclear industry in the Russian Federation is the 
closure of nuclear fuel cycle, which must result in a more efficient use of natural uranium 
resourses and artificial fissile materials generated in nuclear reactors (RepU, plutonium, etc.), 
ensuring minimization of waste from fuel reprocessing and the wastes for final disposal. The 
main idea is to provide the reprocessing service for the major part of irradiated fuel including 
legacy at the radiochemical facilities both existing and under construction.  

Relations in the field of spent fuel management and of radioactive waste management are 
regulated on the basis of the Constitution of the Russian Federation as the Basic Law having 
the supreme legal force and direct action, federal laws of the Russian Federation, legal acts by 
the President of the Russian Federation and the Government of the Russian Federation, 
federal norms and rules for the activity in the field of atomic energy use, regulations of the 
state regulatory authorities as well as relevant national standards. 

The basic laws which directly regulate relations in the field of safety include Federal Laws: 
“On the Use of Atomic Energy”, “On the Radiation Safety of the Public”, “On the 
Environmental Protection”, “On the Sanitary and Epidemiologic Safety of the Public”. 

The efficient Spent Fuel Management in the Russian Federation is guided by the following 
criteria: 

• Nuclear and radilogical Safety; 
• RadWastes  Minimization; 
• Economical use / disposition of the secondary nuclear materials taking into 

account quality of the materials; 
• Compliance with the IAEA Convention;  
• Cost optimization. 

 
This approach has been supported by the major events of 2006, among which: 
 

• 25 January 2006 – the Russian Federation President’s Initiative with the offer to 
develop the Global Nuclear Infrastructure with International Centres for the 
Nuclear Fuel Cycle Service. 

• 6 October 2006 – Approval by the Russian Government of the Federal Target 
Program for Russian Nuclear Industry Development. The Program includes 
important projects for the spent nuclear fuel and radioactive waste management 
system development. 

• Governmental Approval of the I-st Stage for the “Nuclear and Radiological Safety 
Program” for 2007 with the 1800 mln rubles budget, as well as approval of the 
Concept for the “Ensuring Nuclear and Radiological Safety for the years 2008 - 
2015” Federal Target Program, in which more than 130 000 mln rubles envisaged 
gor the problematic issues of accumulated SNF and Radwaste liability, 
decommissioning of the out-of-date nuclear facilities, etc. 
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Since 2004 Federal Atomic Energy Agency (Rosatom) is in charge for the State policy and 
supervision of the state-owned enterprises in the sphere of nuclear energy use. Federal Atomic 
Energy Agency is directly subordinated to the Government of the Russian Federation.  

Currently Rosatom is in transition period with establishing a new State Nuclear Corporation 
and Joint Stock Company “AtomEnergoProm”. The future state-owned JSC will also 
incorporate JSC TVEL and JSC TENEX which cover the fresh nuclear fuel production for 
Russian nuclear power stations (TVEL) and conversion and enrichment service for 
international market (TENEX).  
 
Nowadays, all 10 Russian NPPs with total capacity of 23242 MW are the affiliations of state 
generating enterprise Rosenergoatom. The 31 power-generating units in operation include 15 
units of VVER-type (9 units VVER-1000 and 6 VVER-440), 15 units of graphite-moderated 
channel reactors (11 units RBMK-1000 and 4 EGP-6) and 1 fast neutron reactor (BN-600).  
 
SNF of the Russian Reactors  
 
VVER-440, BN-600 
 
After 3-5-year cooling in AR-pools the VVER-440 and BN-600 spent fuel is shipped on 
contractual basis to the RT-1 plant at PA “Mayak” for reprocessing. The spent fuel 
transportation is carried out by railroad in transportation packages. The spent fuel assemblies 
with defects are stored in special cans in the AR-pools. 
 
VVER-1000 
 
The SF from VVER-1000 reactors after cooling for 3-5 years is shipped from the NPP sites to 
the centralized storage facility at the Мining Сhemical Сombine (MCC) site. Currently this 
facility with the design capacity of 6,000 tU is accumulated 4050 tU. The wet AFR facility is 
under reconstruction and capacity increase to 8600 tU through the construction of adjoining 
building and use of fuel baskets with the higher capacity.  

RBMK-1000 
 
RBMK-1000 SF is currently stored in AR cooling pools and wet AFR facilities at the NPP 
sites. The existing free capacity of these storage facilities will provide for, at most, 5 years of 
power unit operation. The accumulated amount of the fuel arisings at the NPP sites have 
exceeded 11000 tU. In the future the long (~10 meter) assemblies will be separated into two 
fuel bundles in special hot cells at the NPP sites and stored in the dual-purpose metal-concrete 
casks, then transported to the Centralized dry storage facility at the Krasnoyarsk site (MCC). 
It is expected that the first stage of the facility for 8600 t SF RBMK-1000 will come into 
service in 2009-2010. 
 
EGP-6 
 
The total amount of SF from 4 units of EGP-6 reactors at Bilibino NPP is currently 164 tU 
(6500 FAs). There are no leaking fuel assemblies. Of the three available cooling pools 
existing at the NPP site two have already been filled and these are used as dry storages. 
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AMB 
 
Two AMB reactors of the Beloyarsk NPP were shut down in 1989. The discharged spent fuel 
from these reactors is stored in dry canisters in two AR-pools (190 tU in 5,000 FAs) at the 
reactor site; and in the cooling pool of the RT-1 plant at PA “Mayak” site (76 tU in 2200 
FAs). The major part of the AMB fuel is considered as damaged. The basic option for AMB 
fuel management is connected with the removal of the fuel from cooling pools into 
Centralized dry storage facility at the Krasnoyarsk site. This necessitates the development of 
the technology for fuel transforming into safe state with the aim of subsequent transportation 
for extended storage. 
 
SNF of Research Reactors (RRs) 
 
In total there are 31 RRs in Russia, 23 of which are in operation, 3 are under refurbishment, 3 
have been finally shut down and 3 are being decommissioned; besides, there are several 
dozens of critical and subcritical assemblies. In recent years the SNF of RRs has been either 
accumulated at interim storage facilities of the research centers or has been reprocessed at 
RT-1. 
 
Owing to a great variety of fuel composition and SFA designs, differences in fuel 
compositions and structural materials, a decision should be made for each RR, CA and SCA 
regarding the selection of reprocessing or long-term storage option.  
 
SNF of Nuclear Icebreaker Fleet  
 
The Russian Federation operates 7 nuclear-propelled icebreakers: Arktika (1975), Sibir 
(1978), Rossija (1985), Taimyr (1988), Sovetsky Soyuz (1989), Vaigach (1990), Yamal 
(1992) and icebreaker lighter ship Sevmorput (1988). The icebreaker Lenin retired in 1989. 
 
The nuclear icebreaker SNF is temporary stored on board of floating maintenance bases 
(FMB) Lepse, Lotta and Imandra and at the accumulation pad at FSUE Atomflot and then is 
shipped to PA Mayak. 

The fuel that cannot be reprocessed at PA Mayak will be unloaded from FMB storages of the 
Lotta and transferred in TUK-120 containers to FSUE Atomflot for the 50-year storage.  

On 6 October 2006, the Government of the Russian Federation approved the Federal Targeted 
Program for Russian Nuclear Industry Development, which provides increase of the NPP 
capacity in the Russian Federation from 23 GWt(e) up to about 45 GW at the year 2020. 
Within the period of two decades the development of nuclear industry in the Russian 
Federation will represent a mass construction of nuclear units based on VVER-type reactors. 
According to the Program the BN-800 fast reactor construction will be finished by 2012. 
There are also plans for construction of the BN-type commercial reactors. In parallel the 
industrial technology of closed fuel cycle will be established to reduce the uranium 
consumption. 

Taking into account nuclear-power complex development road map (in conformity witn the 
Federal Targeted Program for Russian Nuclear Industry Development), SNF accumulation 
rate from  600 mtHM/year (VVER-1000 + RBMK-1000 + imported fuel) in 2006 will 
increase up to 1000 mtHM/year (mostly VVER-1000) in 2020 with increase of the SNF 
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accumulation and storage problem. Existing MCC Wet AFR Facility (in operation from 1985) 
and MCC Dry Store (under construction) capacities might be exhausted around 2025 year. 
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Figure 1 SNF accumulation in the Russian Federation according Federel Target Program for 
 Russian Nuclear Industry Development. 

SNF REPROCESSING  

SNF reprocessing plant RT-1 at PA Mayak is in operation since 1977 with a design capacity 
of 400 tons per year. The plant reprocesses SNF of WWER-440 power reactors of The 
Russian Federation and some foreign NPPs as well as fuels from BN-350 and BN-600, fuel 
from research reactors and from nuclear-propulsion reactors. Currently the amount of spent 
fuel received for reprocessing at RT-1 plant is considerably below the design capacity, and the 
actual reprocessing throughput is 100-120 HM/year. 

The reprocessing process (“modified purex”) includes dissolution of spent fuel with a 
subsequent separation of plutonium and uranium from fissile products and minor actinides. 
RT-1 deals with the range of spent fuel compositions producing both highly enriched 
reprocessed uranium and low enriched reprocessed uranium that are further used to 
manufacture fresh nuclear fuel. 

The end products from SNF reprocessing are: 

• -melt of uranil nitrate hexahydrate enriched up to 2.6 % 235U for the fabrication of 
fuel for RBMK-1000. Re-enrichment is achieved by blending the purified uranyl 
nitrate solutions resulting from reprocessing of different spent fuel types with 
different uranium enrichment levels (BN, RRs, propulsion reactors fuels and 
VVER fuel); 

• -uranium oxides with U235enrichment of 17 %; 
• -neptunium dioxide (is used for production of Pu238 isotope); 
• -plutonium dioxide (in a special packages is transferred for storage). 
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The first in the world semiindustrial facility for partitioning of high-level wastes was put in 
operation at RT-1 in August 1996. 
 
There are plans to revamp the RT-1 plant in order to improve the technical and ecological 
performance of spent fuel recycling at the plant which includes: 

• Improving the process flowchart to reduce the specific volume of the liquid 
radioactive waste; and 

• Construction of installations for waste management and conditioning.  
 
SNF reprocessing is accompanied with a production of RadWastes which are subjected to 
treatment. Current practice for liquid intermidiate level waste (ILW) and liquid high level 
waste (HLW) management from SNF reprocessing at RT-1 plant involves vitrification of the 
wastes in EP-500 ceramic melter with design capacity 500 liter of concentrated HLW per 
hour. Alumophosphate matrix of the radioactive glass is produced using direct evaporation-
calcination-vitrification technology. Vitrified wastes are placed in steel canister and are stored 
in a dry vault-type storage facility. The detail description of management of RadWastes was 
presented in a report at the meeting of Working Group (see: IAEA-TECDOC-1103). 
 
Currently, approximately 4000 t U has been reprocessed at the Mayak plant. With the current 
limited reprocessing rate the problem of SNF storage increasingly gains momentum. Taking 
into account the factors of thermal SNF accumulation and necessity of initial Pu load into new 
generation fast reactors there is a necessity of construction in the Russian Federation large 
reprocessing plant with capacity not less than 1000 t/year in mid of 2020th. Rosatom plans the 
construction of the new reprocessing complex at the Mining and Chemical Combine (MCC) 
at Zheleznogorsk (Krasnoyarsk region) for reprocessing of spent fuel from VVER-1000 and 
other reactors. 

Starting from 2002 year in the Russian Federation  radiochemical centres (Radium Institute, 
VNIINM and others) was initiated R&D activities for improvement of the existing 
reprocessing technology in order to reduce waste streams, create new technologies for long-
lived radionuclides management (P&T), develop new technologies for some reprocessing 
stages.  

With the purpose of new radiochemical technologies testing and demonstration Rosatom 
started the project of creation of the Demonstration SNF Treatment Facility at MCC site, with 
the key moments:  

• 2006 – 2008 – R&D for innovative technologies development 
• 2008 – 2010 – Initial Data and preliminary Design of the Demo facility and 

equipment  
• 2010-2012 гг. – Construction of the Demo Facility 
• 2013-2015 гг. – Start of Testing and Operation, Initial Data for the Design of 

Industrial Scale Facility 
• After 2025 – operation of Industrial Scale Facility.  

 
Spent fuel reprocessing checked flowsheet and its variants innovative SNF Treatment Facility 
at MCC are including: 
 

• Separation of fittings from fuel assemblies with the subsequent cutting or 
thermomechanical destruction 
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• Dissolution fuel (dissolution in nitric acid or thermochemical gas conversion of 
fuel to nitrates ) for concentrated solution production  

• partitioning of SF components (several variants) 
• HLW treatment (solidification in a uniform matrix, or immobilization separately 

Cs+Sr-fraction in Glass matrix type and (TRU + rare earths fraction) in mineral 
matrix type). 

 
Solving the issues of HLW waste management, the Russian institutes and Krasnoyarsk Kray 
organizations have been carrying out R&D activities aimed at searching for sites suitable for 
solidified HLW disposal. Such sites have been found within a distance of 4-30 km from the 
MCC’s site in Nizhne-Kansky granitoid massif. In concept Program “Nuclear and 
Radiological Safety” underground laboratory creation in Nizhne-Kansky granitoid massif is 
supposed. 

 
CONCLUSION 

 
By now the technological potential and experience of SNF treatment has been gained which 
guarantees the safety of personnel, public and environment. The gained technical potential is 
based on a long-standing experience of treatment of SNF from different types of reactors. 
 
The most essential Russian Federation Priority in the area of SNF management are: 
 

Current Priority  
 

• construction of Dry Storage For RBMK, AMB and VVER Spent Fuel 
• MOX Fuel facility for BN-800 reactor. 

 

 

Fig2. General View of the Dry Storage Facility  
(For SNF From Reactors WWER-1000 and RBMK-1000, as designed). 
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Mid-term Priority 

• R&D for innovative reprocessing technologies 
• Construction of the Radiochemical Demo facility  
• Waste management and waste isolation facilities 
 
• Future Priority 

• Large scale processing of the accumulated amount LWR Spent Fuel and FR Spent 
Fuel 
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Introduction 

In early 2006, the President of the United States of America announced a major new nuclear 
power initiative, the Global Nuclear Energy Partnership (GNEP). Under this concept, a group 
of “supplier nations” (those with an established nuclear fuel cycle infrastructure) would 
furnish fuel cycle services to “reactor nations.” This would enable countries without an 
indigenous nuclear fuel cycle to enjoy the benefits of nuclear-generated electricity without the 
expense of constructing fuel cycle facilities, provided that they would agree to forego uranium 
enrichment and spent nuclear fuel reprocessing. The GNEP initiative has been seen as an 
important step toward reducing the threat of the use of nuclear weapons and fostering a higher 
standard of living in developing countries. 
 
In a strategy document1 issued early in 2006, the U.S. Department of Energy outlined the 
premise of the Global Nuclear Energy Partnership (GNEP): “the United States will build the 
Global Nuclear Energy Partnership to work with other nations to develop and deploy 
advanced nuclear recycling and reactor technologies. This initiative will help provide reliable, 
emission-free energy with less of the waste burden of older technologies and without making 
available separated plutonium that could be used by rogue states or terrorists for nuclear 
weapons. These new technologies will make possible a dramatic expansion of safe, clean 
nuclear energy to help meet the growing global energy demand.”  This was further elaborated 
upon in the GNEP Strategic Plan2, wherein it was stated that “GNEP seeks to bring about a 
significant, wide-scale use of nuclear energy, and to take actions now that will allow that 
vision to be achieved while decreasing the risk of nuclear weapons proliferation and 
effectively addressing the challenge of nuclear waste disposal. GNEP will advance the 
nonproliferation and national security interests of the United States of America by reinforcing 
its nonproliferation policies and reducing the spread of enrichment and reprocessing 
technologies, and eventually eliminating excess civilian plutonium stocks that have 
accumulated.” The U.S. government recognizes that nations signatory to the Nuclear 
Nonproliferation Treaty have the right to pursue enrichment and reprocessing for peaceful 
purposes, as provided in Articles I and II of the treaty. The objective of GNEP is to develop 
advanced fuel cycle technologies among the partner nations that are existing fuel cycle states, 
and then provide fuel cycle services to other countries that would enable those countries to 
operate nuclear energy systems without incurring additional costs for enrichment, 
reprocessing and high-level waste disposal capabilities. 
 
Because of its environmental advantages and abundant fuel resource base, nuclear power is 
expected to be an important source of energy in the United States of America in the future. 
Projections for the growth of nuclear power in the U.S. vary over a wide range, with 
generating capacity in 2050 predicted to be between 175 and 500 GWe (compared to about 
                                                      

1 The National Security Strategy of the United States of America (March 16, 2006). 
2 Global Nuclear Energy Partnership Strategic Plan, GNEP-167312 (January, 2007) 
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100 GWe today), leading to significant increases in the inventory of spent fuel if nothing is 
done to reduce the inventory. The legislated capacity of the Yucca Mountain geologic 
repository (63,000 tons of commercial spent fuel) will be reached in 2015 as the spent fuel 
inventory grows from the operation of the current fleet of commercial power reactors. The 
Advanced Fuel Cycle Initiative (AFCI) of the U.S. Department of Energy is intended to 
provide an alternative approach to high-level nuclear waste disposal in the future, by 
providing a closed fuel cycle technology that can support the current fleet of commercial 
power reactors over their lifetime as well as those reactors that are deployed in the future. 
 
AFCI Chemical Separations Technology Development 

Chemical separations technology development is an important part of the AFCI program, and 
the development effort is directed toward separations processes that facilitate the removal of 
those constituents of spent fuel that contribute most to the heat load and waste volume 
imposed on the disposal of high-level waste in the repository. This applies to both light water 
reactor and fast reactor spent fuel. Chemical separations processes for spent fuel treatment are 
being developed that will (1) remove over 99% of the uranium in sufficiently pure form that it 
can be recycled in fast reactors, conveniently stored for future use, disposed as a low-level 
waste, or re-enriched for recycle to LWRs; (2) remove over 99% of the cesium and strontium 
present in spent fuel, thereby minimizing the short-term heat load; and (3) separate the 
transuranic elements (plutonium, neptunium, americium and curium) for recycle to fast 
spectrum reactors for fissioning, thereby eliminating the long-term heat load. It is estimated 
that the capacity of the planned Yucca Mountain repository could be increased, in terms of 
equivalent tons of spent nuclear fuel, by a factor of at least 50 and as much as 200 times by 
such processing. This would ensure the sustainability of an expanded nuclear energy supply 
system in the United States of America and delay the need for a second repository until well 
into the next century. 
 
Beginning in 2007, the chemical partitioning technology development previously part of the 
Advanced Fuel Cycle Initiative became part of the U.S. GNEP program. Both advanced 
aqueous and pyrochemical processing methods are being developed under the scope of this 
program. An aqueous process for light water reactor spent fuel processing was chosen as the 
reference method for AFCI/GNEP, because this processing technology can be adapted to meet 
a variety of partitioning requirements and because the generic process is technologically 
mature. The aqueous process, known generically as UREX+, is at an advanced stage of 
technological maturity and could conceivably be deployed in the 2020-2025 time period. It 
represents a minor but significant departure from the processes presently utilized in 
commercial reprocessing plants in France, Japan, and the United Kingdom. The pyrochemical 
processing methods are directed principally toward the treatment of spent fuels arising from 
the operation of advanced fast reactor plants, and their development benefits greatly from the 
experience presently being gained in the processing of spent fuel and blankets from the EBR-
II fast reactor. 
 
Long Range Strategy 
 
Projections of the long-range future of nuclear power in the United States of America are 
complicated by the existence of many unquantifiable variables. It is becoming clear, however, 
that nuclear power is receiving increasing public acceptance as an important element of the 
collection of electrical energy sources and that growth in nuclear power generation is required 
for both economic and environmental reasons. It can be concluded that light water reactors 
and advanced light water reactors will constitute the bulk of the U.S. nuclear generating 
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capacity for at least another 50 years. A long-standing policy of the U.S. Government forbids 
the recycle of separated plutonium in commercial reactors, so the U.S. program is based upon 
a two-tier system in which TRUs are recovered from LWR spent fuel and recycled as fast 
reactor fuel.  This constraint has had a significant effect on the development of strategies for 
spent fuel processing. 
  
The long-term heat load imposed on the repository can be minimized by fissioning separated 
transuranic elements in fast-spectrum burner reactors. Ultimately, a transition to Generation 
IV reactor systems will occur, with full closure of a self-sustaining nuclear fuel cycle. An 
initial step in this transitional process was announced by the U.S. Department of Energy in the 
summer of 2006, with disclosure of a plan to accelerate the GNEP program by construction of 
an industrial-scale LWR spent fuel processing plant and a prototypic advanced fast recycling 
reactor. Present plans are for the processing plant to be operational by 2020. 
 
This evolutionary strategy is considered to be consistent with the realities of a transition to 
advanced nuclear power systems. Utilities in the U.S. are likely to place new orders for 
advanced LWRs in the near term, capitalizing on the great strides made in increased 
operational efficiency and productivity with the current fleet of commercial reactors. If there 
are to be no new orders of any reactor type, then the need for an advanced fuel cycle 
technology is greatly diminished; but even if the future nuclear electricity generating capacity 
were only to remain constant at the current level of about 100 GWe through 2050, there is still 
likely to be a benefit to nuclear waste management from spent fuel treatment. Repository 
benefits, of course, are open to debate and certainly subject to changes in repository 
performance analyses and criteria. Sufficient time is available, however, to resolve those 
issues before it becomes necessary to commit to construction of a large spent fuel treatment 
plant. In the specific case of the U.S. Yucca Mountain geologic repository project, there are 
certain performance issues that can be ameliorated by spent fuel processing: 
 

• Release of long-lived fission products and transuranic elements to the biosphere 
o Removal of technetium and iodine can reduce the source term by a factor of 

20-100. 
o Removal of plutonium, americium and neptunium can reduce the amount of 

237Np available for release by a factor of at least 1,000. 
• High cost of containers for permanent disposal 

o Waste volumes can be reduced by at least a factor of ten, with a concomitant 
reduction in the number of disposal containers needed. 

o Radioactive lifetime of the bulk of the fission products to be disposed is short, 
allowing the use of less expensive container materials; longer-lived 
radionuclides (technetium, iodine) will require a robust waste form and high-
integrity packaging. 

• Thermal management of the repository 
o Short-term heat generators (e.g., cesium and strontium) in high-level waste can 

be reduced by a factor of 100-1,000. 
o Long-term heat generators (e.g., plutonium, americium, curium) in high-level 

waste can be reduced by a factor of 1,000 or more. 
• Radiotoxicity of materials disposed in the repository 

o Removal of transuranic elements from high-level waste at reasonable 
efficiency levels reduces the radiotoxicity of the waste material to a value 
lower than that of the original uranium ore within a disposal period of 1,000 
years 
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These repository benefits are, in fact, applicable to any nuclear energy system, provided that a 
comprehensive scheme for partitioning and transmutation of spent fuel is carried out. The 
U.S. program seeks to establish an optimized processing and transmutation system that could 
be deployed safely and economically in any of the partner GNEP fuel supplier nations. 
Development of advanced separations processes for both LWR and fast reactor fuel is now in 
progress. 
 
Advanced Aqueous Processing 
 
Aqueous reprocessing of light water reactor (LWR) spent fuel is currently practiced in France, 
the United Kingdom, Russia and Japan. The scale of these processing plants is on the order of 
that which would be required to accommodate the current rate of generation of spent LWR 
fuel in the United States of America (about 2,000 metric tons initial heavy metal per year), 
and the technologies employed are technologically mature. These factors were instrumental in 
the selection of advanced aqueous processing as the reference method for development as part 
of the GNEP Advanced Fuel Cycle Initiative. Aqueous processing also affords the flexibility 
in process configuration required by the transitional strategy: the same plant can be 
configured and operated to support a variety of nuclear system options. 
  
Development of advanced aqueous processing methods for the treatment of spent LWR fuel 
in the United States of America is proceeding on a schedule that would see the selection of 
process flowsheets by the end of U.S. fiscal year 2009. Process development is being guided 
by the preliminary separations criteria shown in Table I. 
  
Table I. Preliminary separations criteria for use in process evaluation and selection. 

 
Constituent Current 

Criterion 
Recovery Efficiency Criteria 

Uranium 99% 
Transuranics 99.5% 

Cs/Sr 99% 
Tc, I 95% 

Purification Criteria 
Uranium 99.99% and 

<100 nCi TRU/g * 
Transuranics 99.9% ** 

Cs/Sr <100 nCi TRU/g * 
 

 Notes: * Purification as necessary to meet 10CFR61.55 requirements for Class C waste 
(after decay of 90Sr and 137Cs in the case of this waste product).** This criterion is 
dependent upon a determination of the effect of lanthanide contamination on the 
performance of fast reactor fuel. 

 
A number of requirements have been established for the development of an aqueous spent 
fuel processing technology that can be deployed in the United States of America. The process 
should be able to accommodate very high throughputs (> 2,000 tons per year) economically, 
and it should not produce a separated stream of pure plutonium. All transuranic elements are 
to be recovered for subsequent fissioning in fast spectrum reactors, with all or part of the 
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transuranics to be incorporated as recycle fuel material for the fast reactors. The separations 
process must be able to achieve a very high decontamination of the transuranic product from 
lanthanide fission products; a decontamination factor of 1,000 is considered a reasonable 
initial goal. It may be acceptable to include the minor actinides (americium and curium) in 
inert matrix targets for heterogeneous transmutation. This could be an evolutionary step 
toward transmutation of grouped transuranics if the development and implementation of 
remote fuel fabrication capabilities are delayed. The separations process should generate no 
high-level liquid wastes requiring extended underground tank storage, in order to avoid the 
legacy waste issues that are currently being resolved at great expense. Finally, the process and 
the plant in which it is installed must be designed to meet a goal of “limited emissions.”  This 
requires the trapping and sequestration of gaseous radionuclides such as krypton, xenon, 
tritium, and carbon-14 (as 14CO2) as well as iodine.  
 
In an attempt to meet these requirements, a suite of aqueous solvent extraction processes was 
designed. All of the processes involve an initial extraction segment, named “UREX,” that 
separates uranium and technetium from the spent fuel dissolver solution. Other extraction 
segments were then added to meet the various requirements for an advanced process, hence 
the terminology “UREX+.”  Some of the possible variations on the UREX+ process are 
shown in Table II below. 
 
Table II. Possible Variations on the UREX+ Process.  
 

Process 1st 
Product 

2nd 
Product 

3rd 
Product 

4th 
Product 

5th Product 6th Product 7th 
Product

 
UREX+1 

U 
(highly 

purified) 

Tc, I 
(LLFP, dose 

issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

Other 
FPs 

TRU+Ln 
(temporary 

storage) 

  

 
UREX+1a 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

FPs 
(including 

lanthanides) 
TRU 
(group 

extraction) 

  

 
UREX+1b 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

FPs 
(including 

lanthanides) 
U+TRU 

(group 
extraction) 

  

 
UREX+2 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

Other 
FPs 

Pu+Np 
(for FR recycle 

fuel) 

Am+Cm+Ln
(temporary Storage) 

 

 
UREX+2a 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

Other 
FPs 

U+Pu+Np
(for FR recycle 

fuel) 

Am+Cm+Ln
(temporary Storage) 

 

 
UREX+3 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

FPs 
(including 

lanthanides) 
Pu+Np 

(for FR recycle 
fuel) 

Am+Cm 
(heterogeneous 

targets) 

 

 
UREX+3a 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

FPs 
(including 

lanthanides) 
U+Pu+Np
(for FR recycle 

fuel) 
Am+Cm 

(heterogeneous 
targets) 

 

 
UREX+4 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

FPs 
(including 

lanthanides) 
Pu+Np 

(for FR recycle 
fuel) 

Am 
(heterogeneous 

targets) 
Cm 
(decay 

storage) 
 
UREX+4a 

U 
(highly 

purified) 
Tc, I 

(LLFP, dose 
issue) 

Cs, Sr 
(short-term 
heat mgmt.) 

FPs 
(including 

lanthanides) 
U+Pu+Np
(for FR recycle 

fuel) 
Am 

(heterogeneous 
targets) 

Cm 
(decay 

storage) 
 

Note: All processes provide the same repository benefits. UREX+1 and UREX+1a are 
designed for homogeneous recycle of all transuranics to fast spectrum reactors. UREX+2, 
+3, and +4 are designed for heterogeneous recycling, possibly as an evolutionary step, to 
preclude the need for remote fabrication of recycle fuel. Not shown in the table is the 
removal of gaseous radionuclides (xenon, krypton, tritium and carbon-14), a step in 
common with all of the UREX+ processes. 
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The Reference Aqueous Process 
 
The UREX+1a process, involving a group extraction of transuranic elements, was initially 
chosen as the reference LWR spent fuel treatment process in the AFCI program. This process, 
shown schematically in Figure 1, incorporates four separate extraction segments. 

Figure 1. Schematic illustration of the UREX+1a process for light water reactor spent fuel processing. 
Not shown in this illustration are the process steps for noble gas and tritium recovery. 

 
The front end of the UREX+1a process is similar to current commercial practice for the 
PUREX process, with the exception that the present intent is to include a voloxidation step 
prior to dissolution for the purpose of capturing tritium before it has the chance to enter the 
aqueous stream. After dissolution of the spent fuel in nitric acid, the clarified dissolver 
solution is sent to a solvent extraction process called UREX. The UREX process uses tri-butyl 
phosphate (TBP) as the extractant, with acetohydroxamic acid (AHA) added in the scrub 
stage to reduce plutonium to the unextractable Pu(III) state and to promote the complete 
extraction of soluble technetium with uranium. Uranium and technetium are co-extracted, and 
the technetium is then stripped in an anion exchange column to yield a pure uranium stream 
and a resin containing pure technetium. The transuranics and the remaining fission products 
are in the UREX raffinate, which is then directed to the Cs/Sr extraction step. The present 
reference process for recovery of cesium and strontium is the CCD/PEG process (chlorinated 
cobalt dicarbollide/polyethylene glycol); the use of alternate extractants such as calixarenes is 
also being studied, in a process segment called FPEX. After removal of the cesium and 
strontium, the raffinate is processed by the TRUEX segment to recover the transuranics 
together with the lanthanide fission products, with the remaining fission products going to the 
waste stream.  The TRUEX process employs octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide (CMPO) with TBP as the extractant, using n-
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dodecane as the diluent. Finally, after feed adjustment, the TRUEX extraction product is sent 
to the TALSPEAK process segment, which employs HDEHP (bis 2-ethylhexyl phosphoric 
acid)in n-dodecane as the solvent. The TRUEX raffinate, consisting of the transuranic 
elements in lactic acid/DTPA (ditriaminepentaacetic acid) solution, is combined with a uranyl 
nitrate solution bled off from the UREX process segment. The ratio of heavy metals in the 
blended liquids is controlled at the desired composition of the fast reactor recycle fuel and 
then converted to an oxide powder by calcination. If the required fuel type is metal, the oxide 
powder must be converted to metal by an electrochemical reduction process. 
 
Product and Waste Form Production 

Many of the product and waste production methods planned under this program are standard 
commercial practice. Because of that, they have not received a great deal of experimental 
emphasis to this point in time; such work is planned for the 2008-2009 period. As shown in 
Figure 1, the actinide product streams of the UREX+1a process are converted to solid oxide 
powders by means of calcination. The nitrogen oxides released in this process are to be 
trapped and recycled as nitric acid. Tritiated water from the voloxidation step may be used to 
produce grout; the preferred method for tritium immobilization is not yet selected. Iodine 
released during the chopping and dissolution steps will be trapped on silver-zeolite filters that 
will then be converted to a more robust waste form (yet to be determined). 
 
Some of the fission product technetium will remain undissolved and appear in the dissolver 
sludge, while the soluble portion will be co-extracted with uranium and then separated by ion 
exchange. Technetium is eluted from the ion exchange resin with ammonium hydroxide, and 
the solution is evaporated to produce solid ammonium pertechnetate. The pertechnetate salt is 
reduced with carbon in a wet argon atmosphere to produce a free-flowing technetium metal 
powder. Experiments at bench scale have proven the feasibility of this process. 
 
After washing to remove residual actinides, the undissolved solids and a fraction of the 
cladding hulls will be combined with the recovered soluble technetium and melted together to 
form a corrosion-resistant alloy waste form. Early experiments have shown that such alloying 
is feasible, although it may prove useful to add other metals to reduce the melting 
temperature. The controlling factor is the need to maintain a localized highly reducing 
environment in the waste form, capitalizing on the gettering characteristics of zirconium, to 
prevent the oxidation of technetium to a water soluble/labile form. 
 
The short-term heat-generating fission products cesium and strontium are extracted, together 
with barium and rubidium, in the CCD-PEG or FPEX process segments. The stripped product 
stream is sent to a steam reforming process where the fission products are immobilized in an 
aluminosilicate, in the form of small pellets. These pellets are then to be compacted and 
encapsulated in stainless steel tubes for extended storage until the heat generation and 
radiation level of the material has decreased to the point that the storage forms can be 
disposed as a low-level waste. Extensive modeling of this waste form has shown its 
feasibility, but there has been only limited physical experience with the encapsulated 
materials. 
 
Finally, it is necessary to deal with the fission products arising from the TRUEX and 
TALSPEAK process segments. These waste streams are rather benign, with low radiation 
levels and low heat generation characteristics, because they are comprised largely of stable 
isotopes (particularly in spent fuel that has been stored for decades). The present plan is to 
immobilize these materials in borosilicate glass, in which quite high waste loadings will be 
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possible due to low heat generation rates. However, there may be more practical means for 
immobilization of these materials, and a number of options are being considered. 
 
It is believed that the processing of spent LWR fuel by means of the UREX+ family of 
processes will afford substantial benefits to future high-level radioactive waste disposal in the 
United States. Conservative estimates of the volume of high-level waste produced by the 
entire UREX+1a process indicate that the total volume will be less than 10% of the volume of 
the unpackaged spent fuel from which it was derived. Also, because the heat-generating 
radionuclides are largely absent from this waste, repository loading can be made more dense. 
Further, by fissioning most of the transuranics and placing the remaining radionuclides that 
are projected to contribute most dominantly to the future radiation dose rate to nearby 
residents of the repository in robust waste forms, the projected future dose can be reduced by 
orders of magnitude. It is then a matter of repository design to capitalize on these benefits. 
 
Testing of the Reference Process 

Laboratory-scale testing of the UREX+1a process has been conducted at three DOE 
laboratories since 2005. In the most recent experiment, carried out with 1 kg of spent fuel 
from the Cooper (BWR, 34 GWd/t) and H.B. Robinson (PWR, 76 GWd/t) reactors, the 
integrated solvent extraction processes were tested with a bank of centrifugal contactors. The 
results of that test are summarized in Table III. Excellent recovery of the actinide elements 
was achieved, and the purity of the actinide products was considerably better than the 
established purity targets. The recovery of technetium was limited to that material that had 
been dissolved in the head-end preparation step; no treatment of undissolved solids was 
attempted. The recovery efficiencies for the actinides refer to the content of the clarified 
dissolver solution. Perhaps most importantly, the uranium purity level was such as to qualify 
the material for treatment as a Class C low-level waste, and the decontamination of the 
transuranic elements from lanthanide fission products was very high, reaching a 
decontamination factor in excess of 2,000. 
 
Table III. Results from an Integrated Test of the UREX+1a Solvent Extraction Process Segments, 
Conducted in 2006. 

 
Element Recovery Efficiency Remarks 
Uranium 99.9992% Non-TRU (<100nCi/g of product) 
Technetium 99.83% Soluble Tc only; undissolved solids not 

processed for Tc recovery 
Cesium >99.85%  
Strontium >99.9%  
Plutonium >99.998% 
Neptunium >99.992% 
Americium >99.99% 
Curium >99.9993% 

 
Total lanthanide content of transuranics 
less than 0.05% (DF>2,000) 
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An Alternative Aqueous Process: UREX+3 

Group extraction of the transuranic elements present in LWR spent fuel, for recycle as 
constituents of fast reactor fuel, presents a clear advantage in terms of the security of the 
processing operation, because the attractiveness of the transuranic product for diversion to 
weapons purposes is much less than that of  pure plutonium. However, the transuranic product 
poses a requirement for remote fuel fabrication due to the presence of americium and curium 
isotopes. A fabrication method that is viable for industrial-scale application has not yet been 
developed, and the qualification of such fuel will require several years of irradiation and 
postirradiation examination. An extensive base of experience exists for U-TRU fuels, both 
oxide and metal, and it is believed that this database can be directly applicable in the 
qualification of fast reactor recycle fuels containing only uranium, plutonium and neptunium.  
For that reason, an alternative process is under consideration in the AFCI program, the 
UREX+3 process. This process is illustrated schematically in Figure 2. 

Figure 2. The UREX+3 process. It is similar in most respects to the UREX+1a process, but with the 
insertion of the NPEX process after the Cs/Sr extraction step. It retains all of the repository benefits of 
the UREX+1a process, and waste form and product form production processes are the same as in the 
case of UREX+1a. 

Pyrochemical Processing 

Under the GNEP schema, transuranics from LWR spent fuel are directed to fast spectrum 
reactors for fissioning. Destruction of these materials, to reach practical levels, requires 
several recycles through the fast reactors. The fast reactor fuel, however, will be different 
from light water reactor fuel: certainly in fissile content, and possibly in chemical form. The 
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most likely fuel types for fast reactors are oxide and metal, with staunch proponents for each 
type. The spent fuel arising from fast reactor operation must be processed according to the 
same environmental and economic criteria established for LWR spent fuel treatment, and the 
fast reactor spent fuel processing plants may be dispersed geographically rather than being a 
large centralized plant. Under certain conditions, pyrochemical processing may prove to be 
advantageous; this is particularly so if deployment is to take the form of small plants 
collocated with a cluster of fast reactors, because pyroprocessing economics appears to be 
somewhat insensitive to scale, unlike aqueous processing. If the fast reactor fuel type is 
sodium-bonded metal, pyroprocessing is the preferred method. The molten chloride salt 
electrorefining process can accommodate substantial quantities of elemental sodium without 
problems (by producing sodium chloride), whereas aqueous processing would be presented 
with the challenge of eliminating the elemental sodium prior to dissolution of the spent fuel. 
This may not be practical because experience to date with irradiation of metallic fuel is that 
the bond sodium infiltrates into fission gas pores and becomes distributed throughout the 
metallic body. A schematic illustration of the pyroprocess for treatment of metallic spent fuel 
is shown in Figure 3. At the heart of this process is molten salt electrorefining.3 

Figure 3. The pyrochemical process for treatment of metallic fast reactor spent fuel. 

                                                      

3 OECD-NEA Nuclear Science Committee, “Pyrochemical Separations in Nuclear Applications: A Status 
Report,” NEA number 5427, 2004. 
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Electrorefining has been used since 1996 for the conditioning of metallic spent fuel from the 
EBR-II reactor. In this process, the irradiated metallic fuel, typically an alloy of highly-
enriched uranium with a small amount of zirconium, is chopped and anodically dissolved in 
molten LiCl-KCl salt. Uranium is electrotransported to a metallic cathode, and the 
transuranics are left in the salt together with the active metal fission products for eventual 
incorporation in a ceramic waste form. Noble metal fission products (including Tc) are melted 
together with the stainless steel cladding hulls to produce a metallic waste form.  
 
As seen from Figure 3, application of the pyroprocess to recycle of fast reactor metallic spent 
fuel requires the development of a transuranic recovery step and a cesium/strontium removal 
step to the process being used for EBR-II fuel conditioning. A process involving transuranic 
deposition in a liquid metal (cadmium) cathode has been demonstrated at engineering scale 
(1-2 kg TRU deposits), but its efficacy in achieving the necessary decontamination of 
lanthanide fission products has not been established. An alternative, direct electrolysis, is 
under development but has not progressed beyond laboratory-scale testing. Development of a 
practical process for cesium/strontium removal is also at an early stage. The current 
development program schedule is consistent with the expected date, sometime in the 2025 
period, at which there will be discharged fast reactor spent fuel available for processing. 
 
If the fast reactor fuel of choice is an oxide fuel, there are a number of issues that must be 
considered in selecting a spent fuel processing method. Because the fast reactor fuel is a high-
value fuel, there may be significant imperatives to minimizing the amount of fuel in out-of-
reactor inventory. This could lead to imposing very short cooling times and limiting the 
shipment of the spent fuel to short distances. In that case, a pyroprocessing method could be 
favored. The technical challenges presented by the need to reduce the oxide fuel to the 
metallic state, however, are substantial. These challenges are primarily related to materials of 
construction, including those for anodes and containment vessels, which are subject to 
extremely harsh operating conditions. A pyrochemical process such as that developed at the 
Research Institute for Atomic Reactors (Russian Federation), the Dimitrovgrad Dry Process 
(see Reference 3) could prove useful if the reduction to metal proves to be impractical. The 
alternative, aqueous processing, is probably more efficiently done in the same centralized 
plant that would be used for LWR spent fuel processing; requiring shipments over 
comparatively longer distances. The required fuel cooling time is also assumed to be longer 
than for pyroprocessing. The result is a substantially larger out-of-reactor fuel inventory, with 
its attendant economic implications. But the aqueous process could have technical 
performance advantages over pyroprocessing. More study is required to evaluate these 
difficult issues. 
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