
1-03 FR0104296

Current Options for the Back End of the Fuel Cycle
Dr Sue Ion

Director, Technology & Operations
BNFL

Hinton House
Risley

WA3 6AS
UK

Abstract
Two strategic issues facing the nuclear industry are the claimed risks of (a) weapons proliferation, and (b)
environmental contamination; both affect the choice between open and closed fuel cycles. The choice for plutonium lies
between supposedly permanent disposal and burning/utilisation as a fuel. Disposal while never irretrievable could create
an economically decisive obstacle to constructive use of material of great value for future global energy. Utilisation in
energy supply will both restrict access to separated stockpiles and allow the inventory size to be managed with efficient
use of this energy resource.
Recycling recovers valuable materials for further use and allows the spent fuel stockpile to be managed. However, risk
of diversion to weapon proliferation depends not on the extent of plutonium stocks but on access to a minute proportion
of them, and would not be directly altered by any foreseeable increase or reduction in the well managed inventory. A
key issue is to decide how in future to recover from the fuel cycle the accessible stock required to sustain it.
The fear of environmental contamination is principally based on increasingly disputed health risks from radiation well
below the variation in natural levels. Neither this nor the proliferation issue appears to justify insisting on the once-
through cycle and so wasting a finite resource that will almost certainly be needed in the coming decades.

Introduction
The future of the nuclear industry depends on many questions, philosophical or political as much as technical. They are
typically whether nuclear can attempt to maintain a high-energy economy or extend the real benefits of such an
economy to countries and centuries that would otherwise lack adequate supplies of other fuels
Expectations of what is to come differ widely, but it is reasonable to assume that provision is required to maintain some
form of nuclear power at least well into the latter part of this century; that fusion remains technically or economically
impracticable for a considerable time, and that fossil hydrocarbons can still be used as fuel, albeit to an extent
diminished by scarcity, price, or environmental pressures.
In this paper the challenges faced by the nuclear industry are briefly discussed and suggested responses from the nuclear
community in terms of technology development are outlined.

The Challenge to the Nuclear Industry
Some of the high level challenges that we in the nuclear industry are facing are illustrated schematically in Figure 1:
The industry must deliver not only the technology, but deliver the messages and the product to;
• demonstrate convincingly current and future safety to the public and regulators;
• demonstrate security against weapon proliferation;
• demonstrate lower environmental impact than other baseload power sources;
• show effective use of strategic resources;
• show adequate provision and capability for redundant plant dismantling; and
• demonstrate better value for money than competing energy suppliers.
Energy policy must be based on a considered balance between immediate and longer-term interests. In practice it is
likely to depend on establishing a balance between supply pricing and the detrimental cost that society places on
environmental factors and resource depletion. The results and indeed the basis of comparison between nuclear and other
sources, established or alternative, are matters of controversy unsuited to discussion here. What is beyond doubt is the
need to reduce costs throughout the fuel cycle and demonstrate safety and environmental performance.

Underpinning the Demands of the Industry by Investment in Technology
The above illustrates the challenges that the industry must strive to overcome. To meet them it is essential to develop
nuclear technology which builds stakeholder confidence while addressing society's needs and concerns for future
energy supply.
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Figure 1. Challenges to the Nuclear Industry from Stakeholder Groups
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Firstly, this means helping society to weigh alternative choices of power supply (not only nuclear) and to achieve a
consensus. We must provide objective, useful information in terms that are relevant and can be simply understood. We
must not confuse people by focussing on an internal debate, or make unrealistic claims about choices of long-term fuel
cycle development when we risk not even remaining in the energy industry. We have the opportunity to collaborate on
the key issues to drive the industry forward as a long term, safe, acceptable and competitive means of power generation.
So long as short-term market forces remain predominant, the greatest urgency is to reduce costs whilst maintaining high
standards of safety, quality and environmental performance. The most expensive part of the nuclear cycle is the reactor
itself, and overall economic optimisation must therefore be weighted heavily in this direction. Orders for new reactors
that in the West are painfully slow in coming despite their obvious significance as a means of meeting the generally
recognised need for reductions in carbon dioxide emission. This is a largely political issue that will have to addressed in
appropriate terms.

Whilst BNFL and Westinghouse are addressing the issue of reactor economics with advanced PWR, BWR and high
temperature gas cooled reactor designs, BNFL can and will make a substantial technical contribution to fuel
manufacture and more particularly to the contentious area of spent fuel management.
Current options are essentially

1. Reprocessing to recover the valuable constituents for future use,

2. Conditioning for disposal of separated components,

3. Interim storage, or

4. Direct disposal.

The third is not in itself a strategy for fuel management but a postponement of decision, which nevertheless in deferring
expenditure must appear to the utilities as an attractive possibility, if questionable with respect to inter-generation
responsibilities. The fourth, direct disposal, wastes further energy capabilities of the fuel. The second option offers
some improvement in that the disposal route may itself involve re-irradiating at least the plutonium recovered from
spent fuel and so adding some proportion to the energy already extracted. The technology required to achieve spent fuel
conditioning may not be very different from reprocessing.



1-03

Present commercial reactor types can accept only a partial load of plutonium-enriched fuel, and so have a limited
capacity either for utilising newly-generated material. Evolution to take a full load could increase this capacity per unit
of power by a factor of about three, still leaving a long way to go. Resolving problems at the back end of the cycle
therefore requires changes at the front end and indeed throughout the cycle, so that holistic development (covering
reactors and fuel manufacture, decommissioning and disposal, besides the treatment of discharged fuel) is necessary for
technical as well as economic reasons, see Figure 2.

Figure 2. The Holistic Fuel Cycle
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At present none of the options for managing spent fuel can be fully realised, since there is no public agreement on
where or how the wastes, whether intact fuel or some part of it, should be disposed of. It is estimated that by 2015 the
world stockpile of spent nuclear fuel will be greater than 250 000 tons, so the industry and its stakeholders have no
choice but to address the issues. Technical solutions may already be available to prevent any significant risk to the
world's population, but a proportion vocally if not numerically significant invariably objects to any actual proposal.
That is again a matter to be addressed politically, but technological improvement may also be possible and indeed
desirable,
The topics to be chiefly considered are thus reprocessing (including selective conditioning), and disposal of whatever
wastes are eventually decided.

The current and future technical options for the back end of the fuel cycle.
When considering a fuel cycle for future strategy, the aims should ideally be to:
• allow maximum utilisation of fissile material, which is a global energy resource, by recycling unused uranium and

plutonium from irradiated fuel and other sources;
• minimise total cycle costs to nuclear utilities and their customers;
• minimise the generation of waste that requires conditioning and disposal, and so the overall environmental impact

of fuel cycle activities;
• satisfy political and proliferation concerns about existing stockpiles and future arisings of plutonium.
The treatment of waste streams, particularly since the tightening of discharge limits, accounts in aggregate for a large
fraction of the total reprocessing cost. There is a great incentive to eliminate as many as possible of such expenses at
source.
If we now consider the four main options potentially available to the industry for the back end of the fuel cycle, we can
see that some of their components may be common or interdependent. The major technology areas related to these
options are illustrated in Figure 3 below.
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Figure 3. Options and associated issues related to spent fuel
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Reprocessing
Relaxed specifications for recycled uranium and plutonium could allow processes to be simplified greatly, for instance
eliminating purification cycles and associated waste streams. Remote or robotic handling equipment might be
increasingly required, and this is one of the secondary developments in the industry. Whatever the specification, the
main bulk of the fission products must be separated from the useful products, and so long as all conditions are met, the
more cheaply the better.
So far the suggested changes are not fundamental to the traditional processes based on solvent extraction. One objection
to such processes is that the fuel has first to be dissolved in a large volume of an aqueous reagent, which after the
recovery of valuable materials must be treated as waste while the uranium and plutonium products are eventually
reconverted to solids. Avoiding aqueous stages has obvious attractions, and alternative pyrochemical processes based
on chemical or electrochemical reactions between metals and molten-salt media have been proposed to meet longer-
term needs. Significant technological development is required to commercialise this technology option. One major
limitation is the batch nature of the process and commercialisation will require a step change in the processing
approaches to facilitate high throughput plants. Moreover, the relatively low degree of decontamination attainable in
pyrochemical processes would require substantial changes in handling recycled fuel components.
Some of the major areas for the development of technological solutions are illustrated in Table 1. While the list is by no
means comprehensive, it does indicate the range of technical work to be carried out and the time scales on which we
need to develop technology to meet the needs of the power generation industry in a strategy incorporating reprocessing
technology. Clearly the choices must be made within the limits posed by criteria acceptable to society.
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Table 1. Areas for Technology development in the Back end of the fuel cycles

Timescales for
Technology
Development
Short Term
1-5 years

Medium Term
5-20 years

Long Term
2 0 - 5 0 years

Issue

• Effluent treatment
technology

• Fuel dissolution
• Organic wastes
• Product quality
• High Level Waste

• Relaxed
specifications for
U&Pu
purification

• Non-Aqueous
Processes

• Partitioning &
Transmutation

Technology

IX, Electrochemical
Solvent Extraction
Membranes
Acid dissolution
Solvent washing
Distillation
Thermal denitration
Vitrification

Solvent Extraction
Molten Salts
Remote handling
MOX fabrication
Fluoride volatility
MOX Fabrication

Separation, nuclear
reactors systems etc

Development Possibilities

Continued incremental
improvements particularly in the
establishment of end disposal
routes for the materials used.
Improved technology to reduce
costs of fuel/waste handling
Solvent re-use, salt free washing
Novel 'finishing' technology.
Improved throughput.
Established processes for U & Pu
recovery.
Industrialisation of centrifugal
contactor technology.
Industrialisation potential of
alternative process.
Improved remote handling linked
to MOX fabrication.
Industrialisation of the
technologies.
Materials development
Improved waste residue
formulations

Separation in aqueous and non-
aqueous systems.
Nuclear reactors suitability
designed for transmutation.

Fuel Conditioning
Fuel conditioning as a concept can range from simple mechanical treatment such as pin consolidation in preparation for
direct disposal through to complete separation of fuel into separate fuel components, to reduce the volume of waste
which has a high level classification, and to create a waste form more stable than the original irradiated fuel for storage
or disposal. Fuel conditioning differs from reprocessing, in that the plutonium is not separated as a product steam, but
possibly routed with the fission products and transuranics to a HLW waste form. This provides fuel conditioning with a
number of selling points, as it not only secures the fission products and transuranics in a stable waste form, but also
satisfies non proliferation issues.
The final waste forms from a fuel conditioning process could take a number of forms, but the crucial issue to the
success of the process will be their waste classification and long term stability. An optimised process, would have a
segregated major volume product, which is of a suitable purity for classification as a (very) low level waste. This would
probably be kept in a surface retrieval store. Ideally, plutonium together with the transuranics and the fission products
would be routed to an optimised, low volume high level waste product(s). The cladding materials, would ideally be
decontaminated and recycled, or routed to a intermediate level waste, or be part of the matrix for the HLW. The process
should also minimise the release of the more mobile fission products to the environment.
At present the desired requirements and implications of conditioning have not been fully developed or explored. There
are a number of potential technologies which are feasible for fuel conditioning, amongst these are hybrid PUREX
technology and molten salts.
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Dry Interim Storage
This is in principle an extension of the existing practice to store fuel before reprocessing while the more radioactive
fission products decay to a level tolerable in the process, although for this purpose pond storage is currently the more
usual practice. The same requirements apply with the proviso that they must be maintained for perhaps a few
generations rather than years, and in most cases there is no obvious difficulty in meeting them, the essential condition
being to avoid failure of the cladding and oxidation of the fuel substance. Dry storage technology is increasingly
popular, mainly because the utilities can pay on an incremental basis for capacity and defer any further costs for
disposal or recycle, or transfer them at a fixed rate to a government agency.
The exceptional case is metal fuel where the cladding and uranium metal itself are especially subject to corrosion that
could lead to a release of fission products or plutonium content. Moisture ingress into a dry store could greatly
accelerate corrosion with a particular risk of accumulating an explosive mixture of hydrogen and oxygen in a confined
space. The failure of drying systems thus involves significant risks and requires detailed evaluation. For such fuel the
extended storage option may not be appropriate.
Critical risk from potential flooding of the store is an important risk area, and in some arrangements secondary neutron
poisoning materials would need to be provided. The potential for flooding is directly linked to the long term geological
behaviour of the repository chosen and this requires extensive and expensive characterisation procedures.

Direct Disposal
So far the technology is essentially conceptual, with technical risks quantifiable only in the short term. Some of the
areas for technical evaluation are similar to those in an interim dry store, except that the time-scale is extended to
periods comparable with geological ages with no scope for adjusting the immediate environment of the package after
disposal. Other considerations are essentially the same as in the disposal of high-level waste after reprocessing.
A major difference from HLW is the presence in substantial amounts of fissile material that must be protected from risk
of criticality, especially in case of flooding. For this reason secondary neutron poisoning materials may need to be
provided, with assurance that they will remain in place throughout the effective lifetime of the fissile content. The
potential for flooding is directly linked to the long term geological behaviour of the repository chosen and this requires
extensive and expensive characterisation procedures.
The whole philosophy of high-level waste disposal, whether referring to intact fuel or its long-lived components, needs
careful examination. It has been argued that methods already available can protect present and future generations from
all but the most trivial risks of harm from dispersion of disposed radionuclides by natural processes; in contrast,
intrusion might conceivably subject individuals to significant dose. Fortunately, the statistical probability of such
intrusion can be made very slight.

Conclusions
This paper demonstrates that optimisation across the whole of the fuel cycle is required and that the outcome of the
optimisation process will be the driving force behind development of enhancements or changes to the back end of the
fuel cycle. The four major options for the back end of the fuel cycle, reprocessing, conditioning, interim storage and
direct disposal are considered and technology development needs are outlined.
The industry is facing the combined challenge of cost, safety and the environmental issues from a broad spectrum of
stakeholders. This is particularly so at the back end of the fuel cycle that often sees the most adverse publicity of the
nuclear industry, even though pressures such as cost are largely driven by the reactor itself and not the fuel cycle.
Technology offers the opportunity to address these challenges, and in the nuclear industry we are developing facilities
and capabilities to meet them, BNFL's own new contribution to these facilities is described in the Appendix. However
there are equally important ethical and political issues that will have to be faced on their own terms and in a wider
forum. As technologists and engineers we have an increasing responsibility to ensure technical argument and claims are
presented in ways that allow common sense and rational debate to prevail. Arguably this presents us with more difficult
hurdles than the technological challenges themselves. Failure to present the political and ethical arguments as well as
the technical ones will be to let society and future generations down thus we ought to be diverting significant attention
and talent to ensuring we are ultimately successful.
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Appendix
BNFL's Technology Centre (BTC)
We are seeing the establishment of significant new nuclear research facilities here in France, in Japan and at BNFL in
the UK. These facilities will provide the basis from which we must move the industry forward into the 21st century as a
safe, cost effective and environmentally acceptable means of energy generation with minimal risk of weapon
proliferation.
The facility we are building in the UK, the 'BNFL Technology Centre' at our Sellafield site, is illustrated in Figure Al
and will have the following capabilities towards carrying out nuclear technology development.

Figure Al. BNFL's Technology Centre (BTC) at Sellafield, UK.

I

BNFL are investing a total of £189M in designing and building the facility that will encourage innovation. Research,
technology development and innovation are of paramount importance in BNFL's pursuit of future business in an
increasingly international market, and BNFL's Technology Centre (BTC) will underpin the company's current and
future technology base. The centre has been ergonomically designed to house the highest quality research staff and
facilities and is intentionally structured to promote high quality research and innovation. Construction of the facility is
well advanced with occupation and operations now started.
From the outset of the project, one of the principal determining factors has been the requirement to make a safe "people-
friendly" building which would foster frequent interaction between technologists, thereby stimulating cross-fertilisation
of ideas between many different disciplines. This will create an environment that is conducive to world class research
and development.
The integrated facilities to be provided within the BTC will consist of Highly Active alpha/beta/gamma (cc/p/y) cells,
high active laboratories, low active and inactive laboratories, uranium-active rig hall plus supporting infrastructure to
meet the requirements of 300 technologists and support personnel. The BTC will be integrated with existing, modern
chemical and mechanical engineering facilities forming a research complex capable of providing the complete range of
facilities to support all disciplines and radioactivity levels required to underpin the full range of nuclear fuel cycle
operations. These include:

Oxide and metal fuel reprocessing
High level waste vitrification
Intermediate level waste treatment and storage
Low level waste disposal
Mixed Oxide Fuel production
Decontamination and decommissioning
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High Active Cells (HA Cells)
The HA cells will be used for development work on ct/p/y and neutron (n) active materials. These cells will consist of a
number of discrete working environments each with its own containment box. Biological shielding will be afforded by
the main concrete structure within which the containment box will be housed. In-cell operations will be performed
remotely using Robotic Manipulators with viewing through leaded glass windows.
These facilities will enable BNFL to undertake both fundamental research and process development activities with a
range of radioactive materials in a safe manner. Such activities may range from decontamination development on real
plant materials to immobilisation development using actual wastes retrieved from reprocessing plant.

Laboratories
The largest functional area within the BTC will be the laboratories, which will consist of a series of grouped modules.
In the inactive laboratories each module is a stand-alone workstation and can be configured variously as a benched area,
fume cupboard, floor space or glove box. Combinations of these modules will be grouped together in a configuration
that meets the requirements of the various scientific groups using them. However, as and when requirements change,
then the modules can be reconfigured to match.
In the alpha active laboratories there will be a predominance of glove-box modules for containment, with fume-
cupboard modules being used for support work only. The glove boxes will have varying degrees of biological shielding
depending on the levels of beta and gamma radiation associated with the materials in use. Mixed Oxide Fuel
development work will be carried out in these laboratories.
To create an aesthetic-working environment, natural daylight will be maximised through large areas of glazing in the
building. The laboratories have been made as open as is possible within the constraints of ventilation, fire and other
safety considerations. This approach will maximise interaction between staff.

Rig Hall
The uranium active rig hall will be capable of housing large process and experimental rigs and includes a 25 metre high
tower. Within the hall there will be a reagent storage area, workshops and a series of bays for the rigs each of which will
be independently serviced via service ring main. Rigs will in general be constructed off-site within an ISO freight
container framework, thus allowing the rig to be transported as a complete module, moved to a bay and connected to the
required services.
So far only the office areas are ready for occupation; the rest is expected to be in action within the coming two or three
years.


