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ABSTRACT

This paper quantifies the likely future stockpile of UK separated plutonium, and reviews current UK policy. The
current strategy of storing plutonium oxide powder is shown to be inconsistent with passivity and disposability
objectives. Analysis also shows that there is little potential for use on a commercial basis of Mixed-Oxide
(MOX) fuel to reduce the stockpile. Four plutonium immobilisation options are defined, with particular
reference to non-proliferation goals. The resource costs of implementing these options are quantified, together
with the resource costs of a programme of Government-subsidised MOX use. Immobilisation may offer a more
cost-effective solution than a MOX fuel route.
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1- INTRODUCTION

This paper presents the findings of the authors' independent Study of strategies for the management of separated
plutonium in the UK (published in April 2001)1. The Study was made possible through a grant from the
Research and Writing Initiative of the Program on Global Security and Sustainability of the John D and
Catherine T MacArthur Foundation. The objectives of the Study were:

• to quantify the likely future extent of the stockpile of separated plutonium in the UK;

• to examine the potential for commercial drivers to operate so as to reduce the stockpile through use of MOX
fuel;

• to examine all potential options for plutonium disposition in the UK, and narrow these down to a list of
practicable options, taking into particular account non-proliferation goals;

• to perform a preliminary comparison of these options in terms of resource costs, and proliferation resistance;

• to explore how consideration of plutonium disposition should be integrated into formulation of Government
radioactive waste management policy.

2- CURRENT UK GOVERNMENT POLICY

Current UK Government policy is that companies owning plutonium should choose their preferred management
option, subject to meeting safety, security and safeguards requirements. This has resulted in the stockpiling of
over 60 tonnes of civil separated plutonium in the form of oxide powder, most of it at British Nuclear Fuel
(BNFL) Sellafield site in north-west England. If current commitments to reprocessing are fulfilled, the stockpile
will stand at around 110 tonnes by the middle of the next decade. The publicly-owned BNFL will own over 80
tonnes, and the private sector company British Energy (BE) will own 25 tonnes.

A UK policy debate was started by the Royal Society in 1998. The Society argued that the "lack of strategic
direction for dealing with civil plutonium is disturbing", and called on the Government to set up an independent
review of management options2. In March 1999, a Select Committee of the House of Lords proposed a radical
policy shift, suggesting that the bulk of the UK civil separated plutonium stockpile be declared a waste3. A
similar position was taken by RWMAC, the UK Government's Radioactive Waste Management Advisory
Committee4. The UK Government is committed to examining the issue of plutonium management during the
course of a long-awaited policy review on radioactive waste.

BNFL has built a MOX fuel fabrication plant - the Sellafield MOX Plant (SMP) - because it hopes to persuade
overseas customers to enter into contracts for MOX fuel. However, BNFL has failed to win many contracts, and
there are doubts about whether the plant will be allowed to operate5. In the context of managing separated UK
plutonium, there is considerable uncertainty as to whether any MOX would be utilised in the UK.
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3- BARRIERS TO COMMERCIAL MOX USE

It is first necessary to establish whether there is any potential for MOX utilisation on a commercial basis in the
UK. The analysis is divided into two parts: possible adaptation of existing reactors to operate with 30% MOX
fuelling; possible construction of new reactors to consume 100% MOX fuel.

3-1 BARRIERS TO COMMERCIAL MOX USE: 30% FUELLING IN EXISTING REACTORS

There are severe constraints on the use of MOX fuel in the UK, because of the nature of its existing reactors.
MOX use in BNFL's Magnox reactors can be ruled out because it would present formidable technical and
licensing difficulties, which are not worth pursuing for reactors with limited remaining lifetimes. Similarly, BE
has stated that MOX use in its Advanced Gas-Cooled Reactors (AGRs) is not practicable6.

The most feasible existing reactor option in the UK would be to use MOX in BE's Sizewell B, the UK's sole
Pressurised Water Reactor. The use of a 30% MOX core would be possible after some reactor modification and
re-licensing. However, BE does not currently wish to pursue this approach because of the financial risks and the
high costs of MOX fuel, and our own analysis described below confirms BE's conclusions.

A key issue in analysing the possible use of MOX in Sizewell B is the likely movement in prices of low-enriched
uranium (LEU) fuel. This is a difficult issue, not least because the average current price is a function of both the
current spot price, and the average value over contracts which may have been signed some time ago. In general,
commentators expect a general decline from current prices, and then a medium-term recovery, possibly
(depending on the commentator) to values above the current level7.

In our study, we assumed that BE might face a long-term average price of £650/kg ($1040/kg) for LEU fuel,
and a price of £1000/kg MOX from BNFL8. The analysis concluded that BE's initial investment to convert
Sizewell B (around £15 million) would make a negative return. Another way of assessing these findings is to
estimate the 'British Energy indifference price': the price per kg MOX at which BE would be indifferent to
whether it purchased MOX or LEU fuel. The MOX price would have to fall by at least £731/kg, from £1000/kg
to £269/kg9. Such a low price is not of course remotely possible. The analysis is illustrated in Figure 1.
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Figure 1: commercial investment appraisal of possible conversion of Sizewell B to burn 30% MOX fuel;
incremental credits and costs from 2005-2038 (£/kg levelised)



3-2 BARRIERS TO COMMERCIAL MOX USE: 100% FUELLING IN NEW REACTORS

A central issue in the UK is whether a new generation of reactors should be built to burn 100% MOX. One of
BNFL's options is the AP600, an 'advanced passive' light water reactor developed by Westinghouse. The
AP600 received final design certification from the US Nuclear Regulatory Commission in December 1999.
There are, however, major hurdles to new nuclear build in the UK. Government policy requires decisions about
new nuclear investment to be made on a commercial basis using private sector criteria. Commitment to this
policy was articulated by the UK Energy Minister as recently as December 2000: "Here in the UK, there are
periodic forays into the debate about whether or not there should be new nuclear build. That is a decision for the
market to make and safety and cost will obviously drive that decision."10

We have analysed the economic performance of two twin unit AP600s against a possible range of capital costs
and future electricity prices. Two twin-unit AP600s (4 x 625 MW) were chosen because they would be capable
of using BNFL's anticipated future stockpile of plutonium of just over 80 tonnes during the course of their
lifetimes. The results are shown in Figure 2.
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Figure 2: commercial investment appraisal of two twin unit AP 600 (4 x 625 MW);
internal rates of return achieved for varying capital costs and electricity prices

In Figure 2, the horizontal axis shows the estimated capital cost, and the vertical axis shows the estimated
internal rate of return (IRR). Results are plotted for three different possible values of the average future
electricity price: 1.8, 2.2 and 2.6 p/kWh. Different possible test discount rates are shown as horizontal dashed
lines: the public sector test rate of 8%; and a private sector test rate which would be a minimum of 11%". The
private sector test rate might be considered more appropriate for BNFL, since the company is charged with
taking investment decisions as a commercial company, and is in any case preparing for a possible partial
privatisation. The IRR should be at or above the appropriate test rate.

The central case AP600 capital cost of £2794 million allows for a significant improvement in specific capital
costs compared to the current generation of LWRs. Nonetheless, on central case assumptions (electricity price
2.2 p/kWh), the AP600s earn a return of just over 5%. This is substantially below the rates of return required in
any sector. Figure 2 also shows that a minimum commercial rate of return of 11% is not achievable at any
reasonably foreseeable combination of capital costs and nature average electricity price. We conclude that new
MOX burning reactors could not be built on a commercial basis, but would require large-scale subsidy.



3-3 BARRIERS TO COMMERCIAL MOX USE: CONCLUSIONS

There is therefore no possibility that British Energy would, on a commercial basis, adapt their existing PWR to
burn 30% MOX fuel. The incremental credits and costs are such that the price of MOX fuel would have to be
inconceivably low for its use to be commercially attractive to BE.

Similarly, new MOX burning stations could not be built in the near future on a fully commercial basis. Even
with acknowledged improvements in capital costs per kW and in construction period, the AP600 could not earn
a commercial return on investment and the required capital could not be raised on the open market. Recent
industry estimates for such reactors emerge as significantly over-optimistic.

4- REDEFINING PLUTONIUM AS A LIABILITY AND A WASTE

A major conclusion following from the above is that civil separated plutonium cannot be viewed as an asset on a
reasonably foreseeable timescale. This conclusion undermines the current practice of leaving plutonium in
'balance-sheet limbo', where it is neither an asset nor a liability. The probability of an 'upside swing', in which
plutonium might re-emerge as having commercial energy value, is insufficient to justify continuation of this
practice. Instead, civil separated plutonium should be re-categorised as a liability and a waste, and the costs of
disposition should be included in forward projections of cash flows, and in balance-sheets. This change in
practice would formalise the conclusion that a 'recycling' rationale for continued reprocessing does not exist.

The subsequent economic analysis required by redefining civil separated plutonium is dictated by the question:
what is the most cost-effective method of dealing with the plutonium as a liability and a waste? In addition, the
viewpoint shifts from the individual companies to "UK pic", and the costs to be considered are resource costs. In
such circumstances, the reactor-based MOX Options re-emerge as possible candidates for plutonium disposition.
Although they would not make commercial returns, the savings in LEU fuel in existing reactors, and the income
from electricity sales in new reactors, might mean that they emerge as a cost-effective approach to plutonium
disposition.

5- THE REQUIREMENTS FOR PLUTONIUM DISPOSITION IN THE UK

5-1 PASSIVITY AND DISPOSABILITY

Discussion is likely to revolve round two key concepts: passivity and disposability, both well-established in UK
policy and regulatory contexts.

Passivity can be described as the holding of radioactive material in a safe form with a minimal need for active
control systems or human intervention. The waste form should be immobile, physically and chemically stable
and resistant to significant deterioration or reaction with its environment over its period of surface storage.

The storage of separated plutonium does not currently meet these requirements for a number of reasons:
• the plutonium is stored as a dispersible powder;
• the hazard increases with time as a result of the in-growth of americium-241;
• active control systems (including forced cooling) are required to ensure safety;
• operator intervention is required to monitor and control safety systems;
• gas build-up in the packages can cause over-pressurisation;
• packaging requires periodic inspection and a re-packaging capability has to be maintained.

Given these characteristics, it is anticipated that regulatory pressure for conditioning separated plutonium will be
applied, with the aim of achieving significant improvements in passivity. The timing of such pressure is likely to
depend on whether plutonium is formally declared a waste, and on regulatory judgements about where priorities
lie for securing passivity improvements across a range of radioactive materials and waste.

For disposability, conditioning of separated plutonium must produce a material form which, as far as is
practicable, will be acceptable for disposal in an as yet unspecified future repository. Several ceramic waste
forms offer good potential for meeting passivity and disposability requirements. These include MOX produced
to a specification lower than that required for fuel use ("low spec" or "off MOX), or purpose-designed
ceramics, such as the pyrochlore ceramic in the original dual-track US immobilisation programme, and recently
proposed zirconia ceramics12.



5-2 ENHANCING PROLIFERATION RESISTANCE

There is a strong security rationale for the US and Russia to make excess weapons-grade plutonium as
"unattractive and inaccessible for retrieval and weapons use as the residual plutonium in spent fuel" - in other
words, for excess weapons-grade plutonium to achieve the Spent Fuel Standard (SFS). Wide debate is required
as to whether the same standard should apply to the UK's stocks of reactor-grade plutonium.

It could be argued that the UK is likely to have little interest in diverting reactor-grade plutonium to weapons
use, when its nuclear weapon infrastructure and technology is specifically geared towards use of plutonium with
the isotopic composition of weapons-grade plutonium. Also, the UK is widely considered to provide a low
proliferation threat environment and high level of safeguards. On the other hand, civil separated plutonium is
weapons-usable and storage arrangements are only secure so long as current systems are maintained.
Furthermore, if the disposition of civil plutonium is to proceed, it could be argued that it would be inconsistent
with international developments not to come close to achieving the SFS.

We believe that a route through these contrasting perspectives can be developed by assessing how to build up the
proliferation resistance of plutonium waste forms by combining various 'intrinsic barriers'. A number of these
barriers are relevant to preventing theft and subsequent weapons use of plutonium. These include: the mass and
bulk of the loaded container; the difficulty of extracting the plutonium waste form from the container; the
thermal, chemical and nuclear 'signatures' which can aid detection; the difficulty of dissolution and separation of
the waste form; and the radiation hazard.

Much discussion has focussed on the proliferation resistance benefits of putting in place a radiation barrier
broadly equivalent to that provided by spent fuel. This benefit arises mainly from a requirement for heavy
shielding during the extraction of the plutonium from its container, and during separation of the plutonium from
the radiation barrier. However, in the case of diversion by a nuclear state such as the UK, this shielding
requirement would add little to proliferation resistance. Indeed, in its November 2000 report on the Spent Fuel
Standard, the Committee on International Security and Arms Control (CISAC) of the US National Academy of
Science accorded the radiation barrier low importance against state diversion13. For theft by sub-national
groups, the shielding requirement would be more significant.

6- IMMOBILISATION OPTIONS IN THE UK

6-1 DEFINITION OF IMMOBILISATION OPTIONS A-D

We have undertaken a resource cost analysis of four Immobilisation Options, chosen to provide increasing levels
of proliferation resistance, and to bound the possible cost range. Table I sets out defining characteristics.

TABLE I: POTENTIAL IMMOBILISATION OPTIONS IN THE UK
Bounding cost cases
Option

A

B

C

D

Ceramic
Low spec MOX

Low spec MOX

Purpose-designed

Purpose-designed

Production plant
SMP

SMP

New plant based on US
immobilisation plant

New plant based on US
immobilisation plant

Radiation barrier
None

Spent fuel

None

Spent fuel

Radiation barrier plant
None

New plant for drying and
adding spent fuel

None

New plant for drying and
adding spent fuel

None of the above options include the use of vitrified HLW as a barrier. This is because such options would
increase the number of containers that would have to be taken through the Sellafield Waste Vitrification Plant,
which inevitably would delay the run-down of stocks of Highly Active Liquor (HAL) at Sellafield. This is a
matter of considerable political and regulatory concern. In January 2001, the Nuclear Installations Inspectorate
(Nil) gave BNFL formal notice to reduce HAL stocks to a buffer level of 200 m3 by 2015, with corresponding
targets for intermediate years. Any interaction of a plutonium immobilisation programme with the HAL
reduction programme would endanger achievement of the Nil targets. Therefore options involving vitrification,
or vitrified HAL as a barrier, are excluded from the economic analysis14.



All Options assume that the immobilised forms would be stored in an adapted version of BNFL's TranStor
system. This consists of an inner metal canister in a vertical concrete storage cask (which is about 5 metres
high). It is assumed that inner 'fuel baskets' can be designed for a variety of combinations of plutonium waste
form and radiological barrier, and that flux traps and Boral sheets will ensure sub-critical conditions for the
duration of above-ground storage. In cost estimation, it is assumed that after an extended period of storage the
waste forms are transferred to disposal casks, which are then disposed in a possible future deep repository.

6-2 PROLIFERATION RESISTANCE OF IMMOBILISATION OPTIONS

In all Options, the primary intrinsic barrier is the large mass and bulk of the loaded Transtor concrete cask,
which would require the use of industrial lifting equipment for manipulation. Access would require removal of
the concrete cask lid, and cutting through the shield and structural lids of the inner metal canister, or some form
of blasting operation using explosives. Separation of the plutonium from the low spec MOX or purpose-
designed ceramic would then require the use of chemical processes for dissolution and separation, which involve
a significant criticality hazard to the operator. It is highly unlikely that a sub-national group could overcome this
combination of barriers without detection and capture.

Although Option A falls far short of the SFS, it provides enhanced proliferation resistance compared to storage
of oxide powder in small containers. In Option B, the spent fuel barrier significantly increases the difficulty of
taking the low spec MOX out of the container; access to a hot cell or spent fuel pond would be required in order
to open the metal canister and extract the pins. Remote gamma monitoring might be required to confirm which
pins contained low spec MOX. In Option C, the purpose-designed ceramic would provide increased hurdles for
proliferators: the dissolution and separation processes have not been authoritatively published, and would be
more difficult to master than for low spec MOX. Option D combines the intrinsic barrier enhancements of
Options B and C. The proliferation resistance provided by the intrinsic barriers in all Options could be
enhanced, by increasing the difficulty of separating the plutonium waste form from the container, and adding
chemical 'signatures' which could increase emissions during processing, and thus aid detection.

7- RESOURCE COSTS OF DISPOSITION OPTIONS IN THE UK

7-1 RESOURCE COSTS OF MOX OPTIONS

We have estimated the subsidy required for a plutonium disposition programme based on MOX use in Sizewell
B and in two twin unit AP600 stations. It is assumed that the Government would meet all the incremental costs,
and receive all the incremental credits, associated with MOX use in Sizewell B. With such an arrangement, BE
and its competitors might in principle be indifferent as to whether MOX use in Sizewell B went ahead or not.
The sum of the incremental costs and credits would then constitute the level of Government subsidy required.

In the case of MOX use in new AP600s, there are two financing components: a hypothetical Government
subsidy (associated with plutonium disposition); and a commercial component (relating to finance raised at
market rates for investment in new income generating plant). In effect, the Government would be putting up a
proportion of the capital spend, so that BNFL could raise the rest on the free market. The hypothetical
Government subsidy can then be expressed as a series of cash flows over reactor construction. Table II
summarises our findings for the total resource costs of a reactor-based disposition programme, split into three
parts: storage costs for separated plutonium before MOX fuel manufacture; resource cost Government subsidy
paid to BE to adapt Sizewell B; and resource cost Government subsidy to BNFL to build AP600s. The resource
cost analysis includes only future costs; past costs (such as building the SMP) are considered sunk.

TABLE II: REACTOR-BASED DISPOSITION - SUMMARY OF TOTAL RESOURCE COSTS
£ million, year 2000 money values

rn[21
[3]
[41

Separated plutonium storage
Sizewell B resource cost subsidy
AP600 (4 x 625 MW) resource cost subsidy
Total [1] + [2] +[3]

Time period
2001 - 2039
2001 - 2088
2007-2013

Undiscounted
416
146

1387
1949

Discounted
303

39
1127
1469

For discounting, a prudent assumption is made using a funding or financing discount rate of 2.345%.



7-2 RESOURCE COSTS OF IMMOBILISATION OPTIONS

Again, resource cost analysis includes only future costs, and past costs are considered sunk. Table III sets out a
summary of total resource costs, and a breakdown of undiscounted resource costs by time period, based on the
immobilisation of 106 tonnes of civil separated plutonium.

TABLE ni: IMMOBILISATION OPTIONS - SUMMARY OF TOTAL RESOURCE COSTS
106 tonnes of plutonium, £ million (year 2000 money values)

A
B
C
D

Description

Low spec MOX: no barrier
Low spec MOX: AGR SF barrier
Designer ceramic: no barrier
Designer ceramic: AGR SF barrier

Undiscounted

First 10 years
2001-2010

490
555
685
905

First 25 years
2001-2025

1078
1710
1633
2282

Total costs
2001-2070

1547
2302
2307
3038

Discounted

Total costs
2001-2070

1002
1494
1471
1977

For discounting, a prudent assumption is made using a funding or financing discount rate of 2.345%.

7-3 RESOURCE COST COMPARISON OF REACTOR-BASED AND IMMOBILISATION OPTIONS

Figure 3 provides a comparison of total discounted resource costs for the reactor-based and immobilisation
programmes, for central cases and combined sensitivity tests. It is clear that neither type of disposition
programme has an overwhelming resource cost advantage. However the following observations can be made:

• Immobilisation Option A offers a discounted cost advantage over the MOX-based programme of over £450
million, at around £1 billion compared with nearly £1.5 billion;

• the resource costs of Immobilisation Options B and C are very similar to the MOX-based programme, at
almost £1.5 billion; and Option D has a substantial cost disadvantage compared with all Options;

• The upper-bound cost estimate resulting from sensitivity analysis is less in Immobilisation Options A, B, C
than in the MOX-based programme.
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Figure 3: Reactor-based and Immobilisation Options: disposition of 106 tonnes of separated plutonium;
central case and combined sensitivity tests: comparison of total resource costs



8- CONCLUSION: PLUTONIUM IMMOBILISATION AS A COST-EFFECTIVE SOLUTION

Compared with the indefinite storage of separated plutonium, Immobilisation Option A - low spec MOX without
an added radiation barrier - entails improvements in passivity, disposability and proliferation resistance. These
improvements are achieved at relatively modest cost. In particular, the total costs are less than the subsidy
estimate for a reactor-based disposition programme. Given the need to pursue a cost-effective approach, we
consider it important to pose the question of whether it is worth paying for the costs of the additional intrinsic
barriers to proliferation associated with Immobilisation Options B, C and D.

Strategies for the long-term management of civil separated plutonium are to be subject to official review in the
UK. The Government is committed to including the issue within the scope of its long-awaited review of
radioactive waste management. In addition, BNFL has embarked on a detailed assessment of management
options. Much detailed further research is required, and plutonium immobilisation should be a priority within
this research programme. Issues fall into three overlapping categories: technical; economic and commercial; and
policy issues for Government. This further research should be carried out as part of industry and/or Government
reviews, in ways which promote wide confidence in the findings. This will require independent peer review
processes and, wherever possible, publication of research and results.

The research above should be carried out in the near future. Key aspects require particularly prompt attention,
not least because the SMP - currently valued at over £460 million - is standing idle. Immobilisation options
which involve use of the SMP to produce a plutonium waste form could provide a politically attractive
alternative to operating the plant to manufacture MOX fuel.
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