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ABSTRACT 

The UK Civil Pu Disposition project will identify and assess the viability of several technical 
options for dealing with the UK’s civil separated Pu stockpile and the discriminators that will support 
technology option down-selection decisions. The overall aim will be to deliver feasible technical 
options and comprehensive information on political, economic, sociological, environmental and 
technical factors for each strategic option.  

This paper briefly describes the work completed to date to assess immobilisation and re-use 
technologies as disposition strategies and on the work that will identify discriminators to support 
technology down-selection. The Pu disposition project is anticipated to continue for several years 
while the necessary investigations are made to fully understand the various options. The work planned 
over this period is discussed. 

1 INTRODUCTION 

Upon completion of the currently scheduled reprocessing programmes the UK Nuclear 
Decommissioning Authority (NDA) will own a significant quantity of separated PuO2. The disposition of 
this material is a key decision facing the UK Government. The NDA has an important role in advising 
Government on the available alternatives and the consequences of potential decisions. Nexia 
Solutions is supporting the NDA in this role, through the Civil Pu Disposition project. 

There are three general strategic options available to the NDA for the disposition of Pu: 
 Immobilisation as a precursor to long term storage or disposal  
 Re-use as fuel in suitable reactor systems  
 Long term storage – a deferment option which may not lead directly to disposition 
The Civil Pu Disposition project will identify and assess the viability of several technical options 

for dealing with the UK’s plutonium stockpile and the discriminators that will support technology 
selection decisions. The overall aim will be to deliver feasible technical options and comprehensive 
information on political, economic, sociological and technical factors for each strategic option.  

Currently the first stage of the Civil Pu Disposition project is assessing a large number of 
technology options (both in re-use and immobilisation) at a broad level of detail. The focus is on 
establishing technical feasibility, identifying and addressing knowledge gaps and establishing process 
economics. The second stage will assess a reduced number of technology options at a much greater 
level of detail, aiming to provide detailed data that will inform the selection of a single preferred re-use 
and immobilisation option, for demonstration at the end of the programme.  

This report details the work completed to-date, to assess immobilisation and re-use 
technologies as disposition strategies and on the identification of discriminators to support technology 
down selection.  

2 OPTIONS FOR IMMOBILISATION 

Ceramic, vitreous and immobilisation MOX wasteforms along with the possibility of cementation 
have been identified as the most appropriate for study as plutonium host matrices, in phase 1 of the 
project. The wasteforms developed will require:  
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 A demonstrated proliferation resistance 
 Reduced likelihood of post-disposal criticality 
 An established level of durability suitable for repository disposal 
 Tolerance for high levels of radiation damage 
 Economic waste loading 
 Straightforward processing 
 Chemical flexibility to accommodate impurities 
It is important that the UK programme on plutonium disposition is targeted at UK needs and 

requirements while taking account of the technical efforts that have been carried out elsewhere. To 
that end the current programme is being pursued. 
 

2.1 Ceramic Wasteforms 

A systematic study of ceramic phases suitable for plutonium immobilisation has been carried 
out. Initial work on the examination of phase development and waste loading was carried out using 
cerium as a plutonium surrogate. This has now been extended to the use of uranium. Several ceramic 
phases have been investigated and a range of phases have been shown to have adequate capacity to 
accommodate PuO2 and neutron poisons such as Gd and Hf. Waste loading levels > 10% are shown 
to be possible and work is being carried out to evaluate higher loadings. A summary of potential 
ceramic wasteforms is shown in Table 1, several other ceramics were investigated and have been 
excluded as they are not considered suitable for use as a plutonium wasteform because of low 
incorporation rates or difficulty in manufacture (kosnarite and murataite). 

Table 1. Details of various ceramics under investigation for potential use as a plutonium bearing 
wasteform 

Loading w% Phase Structure 
Ce U 

Incorporate 
Poisons 

Sinter 
Temperature °C 

Density 
% theoretical 

2M <14 <13 Hf & Gd 1450 98 Zirconolite 
4M <33 tbd* Hf & Gd 1450 98 
2M <26 <24 Hf & Gd 1450 98 Zirconolite Ca 

substitution 3O <43 tbd* Hf & Gd 1450 98 
Pyrochlore <19 tbd* Hf & Gd 1650 94 Zr Pyrochlore 

Fluorite <54 tbd* Hf & Gd 1650 94 
Britholite  <67 <14 Gd only 1400 93 
Kosnarite  <9 <18 Hf part Gd 1350 91 

 
2.2   Glass Wasteforms 

A wide range of glass compositions have also been fabricated and assessed for their suitability 
for the immobilisation of separated plutonium. It has been demonstrated that plutonium-vitrification is 
feasible and waste loading for surrogate materials of greater than 10 wt% in a number of silicate and 
phosphate glass matrices is practicable. 

Following the initial evaluation of ten candidate glass systems, several compositions were 
selected to be taken forward for a more detailed assessment:  

 Modified-MW (MMW) – the addition of a mixture of Al2O3, CeO2, Gd2O3 and HfO2 to MW (see 
below) 

 Lanthanum Borosilicate (LaBS)  
 Alkali Tin Silicate (ATS)  
 Sodium aluminium phosphate (NAP) 
 Iron phosphate (IP).   

                                                      
* To be determined 
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Poor durability, inferior waste loading, evidence of crystallisation, and extremely high processing 
temperatures were among the factors that contributed to the rejection of the following compositions:  

 Simple alkali borosilicate (MW)  
 Calcium borosilicate (CaBS)  
 Aluminium borosilicate (ABS) 
 Lanthanum aluminium silicate (LAS) 
 Lead iron phosphate (LIP)  
The development programme has sought to maximise waste loading while at the same time 

reduce melt temperatures in order to facilitate ease of manufacturing. Initial melts were carried out 
using cerium as a plutonium surrogate. While cerium has given a good indication of plutonium 
solubility in glass, it has a tendency to autoreduce at high temperatures and as such is not typical of 
the Pu4+ state. As such, cerium has been replaced by hafnium as a surrogate which has the additional 
advantage of having a similar density to plutonium and therefore has a more representative behaviour 
in glass melts where settling can be a major problem. This work has been completed for both ATS and 
LaBS glasses, but remains to be confirmed on MMW glasses without any Ce and containing solely Hf 
as the Pu-surrogate. A summary is presented in Table 2. 

Table 2. Details of various glasses under investigation for potential use as a plutonium bearing 
wasteform 

Glass Surrogate 
type 

Surrogate 
loading w% 

Melt 
temperature °C

Comments 

MMW Ce & Hf (Gd 
as poison) 

>10 1300 Requires validation using Hf 
as surrogate 

ATS Hf >10 1200 Viscosity at 1200 oC gives 
pouring problems 

LaBS Hf 10 1400 Durability drop off at low pH 
 
2.3   Unirradiated MOX Wasteforms 

Another option for plutonium disposition is the utilisation of unirradiated MOX pellets as a 
wasteform (immobilisation MOX) which would subsequently be disposed in a geological repository. To 
test the suitability of MOX pellets as a wasteform, samples with varying plutonium content have been 
sent to the Institute for Transuranium Elements (ITU) for leach testing. The pellets have been cut, 
polished to 0.25 µm and a surface characterisation has been carried out.  

Short and long term static leach tests have been carried out at ambient temperature. These 
tests have been carried out with a range of leaching media, pure water, granitic water and carbonated 
water. Initial leach rates have been obtained from analysis of the short term tests. Results obtained to 
date show higher normalised leach rates observed for uranium than for plutonium. When full analyses 
become available these results will be compared to those obtained under similar test scenarios on 
ceramic and glass wasteforms. 

 
2.4   Cemented Wasteforms 

A desk study is examining the viability of immobilising a stockpile of plutonium dioxide powder in 
hydraulic cement. The study has involved undertaking a series of calculations to predict the maximum 
loading of plutonium dioxide powder which could be incorporated into conventional intermediate level 
waste cement monoliths manufactured at Sellafield. These waste monoliths include 500 litre and 3m3 
cement monoliths made from hydraulic cement consisting of formulations of ordinary Portland cement 
blended with blast furnace slag or pulverised fuel ash. The calculations compare the internal gas 
pressure developed inside each monolith from the alpha radiolysis of cement pore water with the 
strength of the cement at a given age to assess maximum plutonium dioxide loadings. This work is on-
going. 

 



Proceedings of the International Youth Nuclear Congress 2008 
 
 
 
 

139.4 
 
 
 
 

2.5   Criticality Issues 

One of the key influences on the design of plutonium containing wasteforms is the ability to 
mitigate against criticality in both storage and disposal scenarios. Various modes of criticality have 
been previously identified by US researchers and the use of neutron poisons or absorbers has been 
proposed in order to mitigate against such events. These include the use of Hf and Gd to poison the 
plutonium and uranium as a diluent for Pu daughters. The focus of their work was to ensure 
compatibility of the wasteform for disposal in Yucca mountain. A similar study may be required to 
underpin disposal in a UK repository, however in the absence of a defined repository a number of 
scenarios are being modelled, the results of which will feed into work on the wasteform formulation.   

Three types of criticality scenarios have been identified, in-situ, degraded and extended. The 
former relates to the wasteform as emplaced with the degraded mode referring to leaching of Pu from 
the matrix and extended to transport through the repository. Current modelling is aimed at the in-situ 
and has been carried out for ceramic, glass and immobilisation MOX wasteforms. The model allows 
different poison strategies to be tested along with waste loading and packaging densities. Similarly the 
presence of interstitial materials between an array of canisters is being tested. Modelling of all variants 
has yet to be completed but initial results show that keff (the neutron multiplication factor) can vary 
substantially as a result of removing neutron poisons and changing interstitial materials. The value of 
keff also varies depending on the source of Pu with UK Magnox derived Pu showing higher values. 
Currently only immobilisation MOX (12.6 w% Pu) shows values > 0.9 (note that this is for UK PWR 
plutonium, as an example, and may well be greatly increased should Magnox plutonium be used. This 
programme of models will be continued to evaluate the full range of Pu contents and neutron poisons 
for the range of possible wasteforms. 

3 OPTIONS FOR RE-USE 

In order to determine a research and development programme for plutonium re-use in UK 
reactors, it was first necessary to assess the options available and then focus in on the strongest 
one(s). Internationally recognised and state of the art tools, some of which were developed within 
Nexia Solutions, for the core physics, fuel performance and fuel cycle assessments are then applied to 
ensure that the results are as accurate and relevant as they can be. 

The key overall aim of the re-use programme is to determine whether plutonium disposition in 
reactor(s) can be achieved within the current UK design limits, whilst staying within international 
experience wherever possible. To answer this, the following factors were targeted and considered in 
establishing the individual tasks: 

 Provide an informed position regarding the re-use options available to the UK which includes: 
 Which reactors are technically feasible? 
 What are the knowledge gaps? 
 What are the challenges/issues to be addressed? 
 Are there any “timing” issues? Eg. plutonium ageing, facilities? 

 Provide information to the “intelligent custodian” (i.e. the NDA) on the technical feasibility of 
candidate fuel cycles 

These points are being addressed by undertaking work programmes that can be categorised 
into 3 main headings: 

 Assessment of an existing UK PWR; Sizewell ‘B’  
 Assessment of future UK reactor options; Westinghouse AP1000 [1] and the European 

Pressurized Reactor (EPR)  
 Assessing advanced fuels (Inert Matrix Fuels (IMF)) for deployment in the above two reactor 

systems 
It should be noted that in the case of the MOX evaluations, Pu sources from both UK Magnox 

and UK Advanced Gas-cooled Reactors (AGRs) were analysed.  
Other options based on new advanced reactor designs are expected to become available in the 

medium and long term such as with Generation IV and the potential use of fast reactors. All of these 
are capable of meeting UK plutonium mission goals, in many instances with some advantages over 
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evolutionary PWRs (eg. sustainability). However, the advantages are generally not large enough to 
justify delaying progress (if re-use is selected as the preferred option for Pu disposition) and the most 
pragmatic and low risk re-use strategy would be to press ahead with plutonium irradiation in the near 
term reactor options whenever these are built.  

A brief description of the work completed for each of the numerous re-use activities is provided 
below along with some of the key findings to date.  

 
3.1   Re-use As MOX In Sizewell B 

A whole-core model of Sizewell ‘B’ has been developed and successfully transitioned from UO2 
to 30% MOX core fraction using Magnox derived Pu. Steady-state safety analyses were successfully 
performed on these cores and, from a steady state nuclear design viewpoint, there appears to be no 
technical obstacles to loading MOX fuel using Magnox derived Pu. 

A fuel performance exercise has been performed on Sizewell ‘B’ (with 30% MOX core fraction) 
using a full core fuel performance methodology developed specifically for this study. The results of this 
assessment show that for the steady-state fuel performance analyses performed on these cores, there 
again appear to be no technical obstacles to loading MOX fuel using Magnox Pu. 

The whole-core model of Sizewell ‘B’ has also been successfully transitioned from UO2 to 30% 
MOX core fraction using an indicative AGR Pu composition, aged for either 5 or 20 years after 
reprocessing. Steady-state safety analyses were successfully performed on these cores and, from a 
steady state nuclear design viewpoint, there appears to be no technical obstacles to loading the 5 
year-aged AGR Pu as MOX fuel (although there is a small economic penalty), but the loading of 20 
year-aged AGR Pu is not technically feasible. 

Using the fuel irradiations from above, a fuel performance exercise has been performed on 
Sizewell ‘B’ using 5 and 20 year aged AGR sourced Pu. The results of this assessment show that for 
the steady-state fuel performance analyses performed on these cores using the assumed AGR Pu 
vector, MOX fuel could not be loaded into Sizewell ‘B’ without some significant economic penalty. 
Further work examining the likely Pu vectors arising from actual AGR reprocessing is required to 
determine the level of pessimism in this study. 

An alternative to these approaches is the possibility of using blended Magnox and AGR derived 
plutonium, this will be investigated further. 

 
3.2   Re-use As MOX In AP1000 

A whole-core model of an AP1000 has been developed and successfully transitioned from UO2 
to 100% MOX core fraction using Magnox derived Pu. Steady-state safety analyses were successfully 
performed on these cores and, from a steady state nuclear design viewpoint, in principle MOX can be 
introduced into an AP1000 with relatively little effect on the steady state core physics, with the only 
major concerns being reactivity worth of the soluble boron in the coolant and the delayed neutron 
fraction. 

Using the power histories calculated above, a fuel performance analysis of 100% MOX core in 
AP1000 was completed. The results of this assessment suggest that for the steady-state fuel 
performance analyses performed, using the fuel duties generated, a 100% MOX core using Magnox 
derived Pu could not be loaded into AP1000 without notable changes to either the fuel design or 
operations. 

The core physics of a 100% MOX core using AGR Pu aged for 5 years has been completed and 
the resulting power histories generated for the resulting fuel performance analysis. Using the assumed 
Pu vector, 12 w/o Pu was required in order to achieve the desired cycle length; this is the maximum 
allowed from a reactor safety perspective.  

As with previous studies in this project, rod internal pressure is identified as the most limiting 
fuel performance parameter for MOX fuel. Therefore a simplified methodology is employed in which 
every relevant rod in the core is individually assessed with respect to rod internal pressure with 
ENIGMA [2], using specially developed tools that allow the analyses to be very highly automated. The 
results of this assessment show that for the steady-state fuel performance analyses performed, using 
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the fuel duties generated, a 100% MOX core using AGR derived Pu could not be loaded into AP1000, 
again, without notable fuel design changes. 

It should be noted that with lower fuel duties (eg. lower powers, burn-ups less than 45 GWd/t 
etc) or with fuel rod design changes (such as larger plenum), the rod internal pressure would not 
exceed limits and it would then be possible to load the MOX. Furthermore, limiting the MOX core 
fraction to something nearer, say, 50% could also be of notable benefit in terms of fuel duties on the 
MOX. However, further work is required to confirm this. 

Again, the possibility of using blended Magnox and AGR derived plutonium will also be 
investigated. 

 
3.3   Re-use As Inert Matrix Fuel (IMF) 

Stabilised zirconia is a leading candidate for IMF, with a good quality irradiation test, IFA-651 
[3], completed in which the fuel performed well under low burn-up, steady state conditions. This has 
been confirmed by post-irradiation examination (PIE), more PIE measurements will be made after a 
period of aging. A modified version of ENIGMA has been compared with results from IFA-651 with 
good predictions of the experimental results observed and the code is therefore fit for purpose for IMF 
fuel performance evaluations in commercial PWRs. 

The whole-core model of Sizewell ‘B’ has been successfully transitioned from UO2 to 30% IMF. 
Steady-state safety analyses were successfully performed on these cores and, from a steady state 
nuclear design perspective, there appears to be no technical obstacles to loading IMF at 30% core 
fraction. 

Using the power histories calculated above, a fuel performance analysis of IMF in Sizewell ‘B’ 
was completed. The results of this assessment show that for the steady-state fuel performance 
analyses performed, IMF could not be loaded into Sizewell ‘B’. 

A whole-core model of AP1000 has been developed and successfully transitioned from UO2 to 
100% IMF. Steady-state safety analyses were successfully performed on these cores and, from a 
steady state nuclear design viewpoint, the boron concentrations, boron reactivity coefficients and the 
delayed neutron fractions are adversely affected and it is unlikely that a 100% IMF core fraction would 
be viable in AP1000.  

Only by incorporating very significant design changes, such as a long plenum and annular fuel 
pellets, could the rod internal pressure limit be satisfied. Even if such design changes were to be 
adopted, a large experimental programme would be needed to provide confidence in the performance 
of IMF. The cost of such a programme is expected to be prohibitive, and the risk of unfavourable 
results is judged to be significant. In view of these considerations, the option of employing IMF in the 
UK is judged to be unfeasible at this time. 

4 PU OXIDE STORAGE CONSIDERATIONS 

The storage of plutonium dioxide (PuO2), as a product from spent fuel reprocessing, is an 
ongoing activity at the Sellafield site. The material arises both from Magnox and Thorp reprocessing 
plants. Whilst the exact storage arrangements are slightly different for the two plants the same general 
method is used: the plutonium dioxide powder is sealed within a can which is itself sealed within a 
larger can. Even if decisions are taken on reuse or disposal, this PuO2 will be in storage for many 
years, possibly exceeding the length of storage to date. It is also the case that more recently 
separated plutonium is of a higher specific activity than that separated in earlier reprocessing 
operations, it is consequently hotter and results in more significant self-irradiation effects. Additionally, 
future passively vented stores will lead to higher ambient temperatures within PuO2 storage 
environments. Further, recent SEM studies have shown significant differences between Magnox and 
Thorp PuO2 powder particles. Both within the UK and worldwide, there have been occasional 
examples of plutonium storage cans deforming due to pressurisation. This pressurisation has been 
attributed to a combination of desorption of water from the plutonium powder at elevated temperatures 
and the radiolytic breakdown of water. Other mechanisms have been proposed but there is limited 
experimental evidence to support them. In order to further understand the pressurisation phenomena 
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experimental programmes have been carried out in a number of countries [4]-[9] and their results 
reviewed. These results have also been used to support the development of a Compliance Index for 
the Sellafield Products and Residues Store (SPRS). Whilst the experimental programmes reported in 
the literature have contributed significantly to our understanding of the storage of plutonium dioxide, 
further work is needed to allow the derivation of a mechanism to explain the pressurisation of the 
storage cans or to validate any models of such a system. This, in conjunction with the changing nature 
of the PuO2 produced and its future storage environment, makes any assumptions that the safe 
storage of PuO2 achieved to date can be extrapolated in to the future, inherently uncertain. 

An extensive series of experiments are planned to address these issues and should be 
underway soon. These include IR and Raman spectroscopy (amongst other techniques) to 
characterise the plutonium/water interactions and various techniques to investigate can pressurisation 
(water content, radioactivity, atmosphere, etc.). Future work will involve studying the recombination 
process in more detail in order to understand whether it proceeds by a radiolytic or catalytic process or 
a combination of both. 

5 STRATEGIC CONSIDERATIONS 

There is considerable interest from the NDA and environmental regulators in the various 
available options for dealing with the UK’s civil plutonium stocks and (as already discussed) work is 
continuing on many of these options. However, at the moment there is no clear means to allow the 
relative merits of each of the technically feasible scenarios to be determined and compared. Clearly 
the cost of each of the systems needs to be considered, however the impact of the systems on 
society, the environment and on health and safety issues also needs consideration. Such a process 
would need to be developed before any decisions could be made on the possible use of these 
technologies in long term management of the UK’s stocks of civil plutonium. This process should allow 
the comparison of different nuclear management scenarios to determine the relative advantages and 
disadvantages of each. In order to apply such a technique, each scenario must be assessed against a 
set of common measures which allow the relative merits of each scenario to be identified. These 
measures are known as indicators. Indicators have been developed for environmental and health & 
safety aspects (but not for societal or economic, which should also be addressed). 

The method used to perform this comparison needs to be simple, repeatable and auditable. A 
technique called multi-criteria analysis (MCA) [10] has been used in similar work for the NDA for this 
purpose. 

It should be noted that a complementary exercise has been carried out by ERM/IDM assessing 
the macro-economic impacts of the various options [11]. 

The indicators currently considered (although the list is under continual review) are: 
 Radiotoxicity of gaseous and non-gaseous operational process releases 
 Dose to the public and workers during scenario operation 
 Fuel cycle related wastes 
 Volumes of high-, intermediate- and low-level waste produced 
 Evolution of radiotoxicity in the repository over several time periods from repository closure up 

to a million years 
 Radiotoxic flux released from the repository over the same timescales 
 Collective dose to the population as a result of these releases 
 Probability of human intrusion at the repository (and the potential impact of such an event) 
 Potential impact of accidents  
 Proliferation resistance of the scenario 
 

5.1   Scenario Modelling 

To model each scenario a fuel cycle modelling tool developed by Nexia Solutions called ORION 
[12] has been utilised.  

ORION has been used to accurately model the mass flow (on a nuclide-by-nuclide basis) 
through all stages of each of the scenarios. Where possible, the wastes and emissions from each 
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process have also been modelled. ORION allows the activity, heat production, radiotoxicity, etc. 
generated in each process to be modelled and tracked during operation of the scenarios and over long 
time-periods thereafter. Therefore, it is possible to determine many of the indicators for plutonium 
disposition directly from the ORION modelling results. 

Where an indicator is to be reported over large timescales, the indicator has been split into 
three different indicators, each over a different time interval. The time periods chosen were those 
endorsed by the former UK Radioactive Waste Management Advisory Committee (RWMAC) [13]. The 
RWMAC endorsed timescales are explained in Table 3. These periods are measured from when the 
repository is closed (the end of operations in the scenario). 

Table 3. The RWMAC defined timescales 

Case Time period (years) Reasoning 
A 0-3 102 Period of institutional control 
B 3 102-104 Period of environmental conditions within human experience 

C 104-106 Period of geological and environmental conditions predictable 
from past events 

D >106 Period of unknown conditions 
 

The final time period has not been used in these assessments as the conditions are unknown 
and the extent of the upper time limit would need to be defined to allow indicator quantification. 

 
5.2   Environmental Modelling 

Environmental models have been used to determine indicators relating to:  
 the consequences to humans from the disposal of radioactive wastes associated with each of 

the scenarios; and 
 the consequences to humans from operational discharges occurring during each scenario.  
The consequences associated with disposal of radioactive wastes have been determined for 

High Level Waste (HLW), Intermediate Level Waste (ILW) and Low Level Waste (LLW), focusing on 
impacts associated with the groundwater pathway only. For the disposal of Pu wasteforms, a model of 
a deep geological HLW/Spent fuel repository has been developed using the GoldSim [14] software 
tool. This model has built upon previous work undertaken on repository modelling using the AMBER 
[15] software tool and has been updated to be more consistent with the preliminary post-closure 
assessment of a reference repository concept for UK HLW/Spent fuel [16]. Liaison with members of 
the NDA Radioactive Waste Management Directive (RWMD) at Harwell has been undertaken to 
ensure an appropriate level of consistency with the repository concepts being developed for the UK.  

The UK Reference HLW/Spent fuel Concept considered is currently based on the KBS-3 
concept developed by SKB for spent fuel in Sweden [17]. The UK Reference HLW/Spent fuel concept 
is based on encapsulating HLW (the immobilised Pu options) or Spent fuel in copper canisters with a 
cast iron insert. The copper canisters are surrounded by bentonite clay and deposited in vertical holes 
drilled along a series of access tunnels at a depth of approximately 650 m in strong crystalline rock.  

The conceptual model for the source term assumes that the source of radionuclides is spent 
fuel rods or the immobilised Pu in the waste repository. The radionuclides are distributed in three 
regions within the material: in the matrix, at grain boundaries and within the gaps. Each canister is 
disposed in a borehole and surrounded by bentonite. The radionuclide release model has the ability to 
represent differential release of up to three regions/radionuclide types and has been able to represent 
the key properties of all Pu wasteforms that have been studied. 

A base case model for each scenario has been used in which one canister is assumed to 
corrode allowing failure of the canister after 1,000 years from the time of disposal. This is consistent 
with the SKB SR-Can safety assessment. After failure of the canister has occurred, groundwater 
comes into contact with the waste. Radionuclides in the gaps and in grain boundaries are assumed to 
be released immediately, whilst others in the matrix are released at different controlled rates. Release 
of radionuclides into the surrounding bentonite is assumed to be due to diffusion. Radionuclides that 
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have migrated through the bentonite are then able to migrate through the surrounding geological 
media.  

The geological setting and radionuclide transport pathway represented in the model is 
consistent with that adopted by RWMD [16],[18]. Radionuclide migration in the rock overlying the host 
rock is represented as advective and dispersive transport through a porous media, with a groundwater 
pathway length of 5,000 m. No biosphere has been modelled and therefore the scenario analysis 
indicator output is the radiotoxicity calculated from the flux of radionuclides in groundwater that are 
discharged to the biosphere. 

For ILW and LLW disposal, the dose results from published safety assessments have been 
used within a simple approach to determine indicators of the consequences to humans. For ILW, the 
RWMD generic performance assessment for disposal of ILW and LLW has been used [18], whilst for 
LLW, the 2002 Post-Closure Safety Case for the Low Level Waste Repository (LLWR) near the village 
of Drigg [19] has been used. The methodology adopted comprises deriving dose per unit activity 
factors for each radionuclide, based on the results of the existing safety assessments, and then using 
these factors to determine an indicative peak dose indicator for each scenario. This approach 
assumes that dose varies linearly with inventory.  

Finally, collective dose calculations for discharges from nuclear plants and operations for a 
scenario have been undertaken following the Consequences of Releases to the Environment: 
Assessment Methodology (CREAM) [20] and performed using the computer code PC-CREAM. Input 
to PC-CREAM is in the form of an annual rate of discharge (TBq/yr) of radionuclides into UK marine 
compartments. Assessment of aerial discharges has also been undertaken with PC-CREAM [21]. 

 
5.3   The Scenarios 

ORION tracks the mass of every nuclide passing through each process in a scenario. The 
results of this modelling provide some of the indicators directly and act as input to several 
environmental modelling tools (Goldsim [14] and PC-CREAM [21]) to allow the determination of the 
majority of the remaining indicators. Several of the indicators are determined independently from 
calculation or open literature. 

Preliminary modelling has been performed for five scenarios:  
 Burning all AGR derived plutonium as MOX in Sizewell B 
 Burning all Magnox derived plutonium as MOX in an AP1000 reactor 
 Immobilising the plutonium in a MOX wasteform and disposing 
 Immobilising the plutonium in a glass (vitrified) wasteform and disposing 
 Immobilising the plutonium in a ceramic wasteform and disposing 
It is intended that several other scenarios will also be modelled to allow fuller comparisons to be 

made, the current list of required scenarios is: 
 Reference case 1: Continued operation of Sizewell B (using UOX) with no new build 
 Reference case 2: Continued operation of Sizewell B and new reactors (both using UOX) 
 Burning case 1: Burning some MOX in Sizewell B (remainder to be disposed) 
 Burning case 2: Burning some MOX in Sizewell B and some in new reactor(s) 
 Burning case 3: Burning all MOX in new reactor(s) (leaving Sizewell B with UOX) 
 Disposal case 1: Disposal of all Pu as disposal MOX 
 Disposal case 2: Disposal of all Pu in vitrified matrix 
 Disposal case 3: Disposal of all Pu in ceramic matrix 
 Holding case 1: Defer decision and keep Pu in current form until decision is made 
There will also be variants for each of these scenarios:  

 Inclusion of differing amounts of U in the ceramic and glass disposal cases 
 Inclusion of neutron poisons in the disposal cases 
 Whether AGR or Magnox derived plutonium (or a mixture of both) is used in Sizewell B in 

burning cases 1 and 2 
 Type of new reactor considered in burning cases 2 and 3 (AP1000, EPR, etc.) 
 Wasteform density, incorporation ratio, packing fraction, canister dimensions, etc. 
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For the five scenarios so far modelled, several of the indicators have been determined and 
techniques are in place to allow the determination of the majority of the remaining indicators (although 
the data is not yet available to allow their calculation). Several assumptions are currently made in the 
modelling performed. These assumptions mean that the indicator results obtained so far are not 
suitable for drawing any conclusions but do demonstrate the potential of this system. The programmes 
of work in place (discussed earlier) will allow these assumptions to be confirmed or corrected which 
should then provide a basis for discriminating between the various options.  

6 CONCLUSIONS 

This paper has summarised the progress on the Civil Pu disposition project, the benefits gained 
from the new knowledge and the remaining gaps that need to be filled before any technology selection 
is carried out. 

Nexia Solutions is conducting this project to support the NDA to allow them to make a decision 
on the selection of the best option(s) for civil Pu disposition in the UK. The programme so far has been 
aimed at underpinning technology options, with a strategic overview that can be used directly in the 
decision making process. 

A range of immobilisation strategies have been proposed currently covering ceramic, vitreous 
and MOX wasteforms. Those deemed unsuitable for plutonium immobilisation have been discarded. 
Wasteform selection criteria have been proposed and will be used to further down select options. 
Processing options are being developed based on remaining wasteform candidates. The final decision 
on immobilisation option will take into account key properties of the wasteform such as aqueous 
durability, resistance to radiation damage and criticality mitigation and the capability to process both 
safely and cost effectively.    

An updated review has highlighted that there are still significant gaps in the knowledge of the 
issues associated with the UK storage of PuO2. Initial experimental plans have been developed to 
start to address the issues associated with PuO2 powder characterisation and storage can 
pressurisation. 

The re-use programme has shown that an approximate 1/3 MOX loading in Sizewell ‘B’ is viable 
and the only major outstanding issues are associated with the final safety evaluations and associated 
licensing cases. As such, from a technical perspective, MOX utilisation in Sizewell ‘B’ could be 
envisaged within the next 10 years. However, uncertainty over the AGR Pu isotopics and their impact 
on the fuel and core performance must be addressed to ensure that these conclusions are still valid. 

It has been shown that the use of a 100% MOX core fraction is a technically challenging target 
and is likely to be so, regardless of the reactor system. It is primarily the fuel performance that is the 
limiting consideration along with additional reactor physics issues, although there are options to 
mitigate these effects that are proposed including lower core fractions, lower fuel irradiations and 
advanced fuel designs. 

In the case of inert matrix fuel, this is clearly a relative immature technology compared with UO2 
and MOX, and in addition introduces some significant technical challenges. Therefore, in order to 
prove such a new fuel concept, further development work (including fuel manufacture and irradiation 
tests) is inevitably required, and given the findings of this study, it is believed carries a significant 
technical risk at this stage; the cost of such a programme is expected to be prohibitive, and the risk of 
unfavourable results is judged to be significant. In view of these considerations, the option of 
employing IMF in the UK is judged to be unfeasible at this stage.  

Finally, it is clear that further work is required to fully assess the economic, societal and 
environmental impacts of each scenario. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge funding from the UK Nuclear Decommissioning Authority 
for this work. 



Proceedings of the International Youth Nuclear Congress 2008 
 
 
 
 

139.11 
 
 
 
 

REFERENCES 

[1]  A. Worrall, G.M. Thomas, Potential Plutonium Utilisation in UK PWRs Using MOX and IMF: 
AP1000, ANS Annual Meeting, Boston, MA, USA (2007) 

[2] I.D. Palmer, G.D. Rossiter, R.J. White, Development and validation of the ENIGMA code for 
MOX fuel performance modelling, IAEA-SM-358/20, IAEA symposium on MOX fuel cycle 
technologies for medium and long term deployment, Vienna (May 1999). 

[3]  I.D. Palmer, G.D. Rossiter, Analysis of IFA-651 inert matrix fuel behaviour using the ENIGMA 
code, HPR-366, Enlarged Halden Programme Group meeting, Storefjell (March 2007) 

[4] J. M. Haschke, T. E. Ricketts, Absorption of water on plutonium dioxide, J. Alloys Cpds. 252, 
148 (1997). 

[5] J. L. Stakebake, J. A thermal desorption study of the surface interactions between water and 
plutonium dioxide, Phys. Chem. 77, 581 (1973). 

[6] J. Haschke, T. E. Ricketts, Plutonium dioxide storage: conditions for preparation and handling, 
LA-12999-MS, Los Alamos National Laboratory (1995). 

[7] J. L. Stakebake, M. R. Dringman, Desorption from plutonium dioxide, RFP-1248, Dow Chemical 
Co., Rocky Flats, Colorado (1968). 

[8] J. L. Stakebake, L. M. Steward, Water vapour adsorption on plutonium dioxide, J. Coll. Interfac. 
Sci. 42, 328 (1973). 

[9] M. T. Paffett et al., A critical examination of the thermodynamics of water absorption on actinide 
surfaces, J. Nucl. Mater. 322, 45 (2003). 

[10] UK Department of Transport, Local Government and Regions, DTLR multi-criteria analysis 
manual, (2001) available at  http://www.communities.gov.uk/index.asp?id=1142251 

[11] P. Wooders, G. Butler and G. McGlynn, ERM/IDM Uranium and Plutonium: Macro-economic 
report (June 2007). 

[12] C.H. Zimmerman, R.G. Moore and C. Robbins, The ORION Fuel Cycle Modelling Code, 
Proceedings of 9th IEMPT (September 2006). 

[13] Safety Assessment modelling for deep disposal sites.  RWMAC, UK, HMSO.  Department of the 
environment, UK (1990). 

[14] GoldSim User’s Guide v9.50, GoldSim Technology Group LLC, (2006). 
[15] Amber Reference Guide, Version 1.0, Enviros Consulting Limiting and Quintessa Limited, 

(2006). 
[16] Nirex, Preliminary post-closure assessment of a reference repository concept for UK High-level 

Waste/Spent fuel. Technical Note number 503356 (March 2006). 
[17] SKB, Interim main report of the safety assessment SR-Can. SKB Technical Report TR-04-11, 

(2004) 
[18] Nirex, Generic Repository Studies, Generic post-closure Performance Assessment. United 

Kingdom Nirex Limited Nirex Report no N/080 July 2003, (2003).  
[19] BNFL, Drigg Post-Closure Safety Case: Overview Report, (2002) 
[20] J.R. Simmonds, G. Lawson and A. Mayall, Methodology for Assessing the Radiological 

Consequences of Routine Releases of Radionuclides to the Environment, EUR 15760, 
Luxembourg, (1995). 

[21] A. Mayall, T. Cabianca, C. Attwood, C.A. Fayers, J.G. Smith, J. Penfold, D. Steadman, G. 
Martin, T.P. Morris, and J.R. Simmonds. PC cream: Installing and using the PC system for 
assessing the radiological impact of routine releases, National Radiological Protection Board. 
EUR17791 EN NRPB-SR296, (1997). 

 

http://www.communities.gov.uk/index.asp?id=1142251

	INTRODUCTION
	OPTIONS FOR IMMOBILISATION
	2.1Ceramic Wasteforms

	Table 1. Details of various ceramics under investigation for potential use as a plutonium bearing wasteform
	2.2Glass Wasteforms

	Table 2. Details of various glasses under investigation for potential use as a plutonium bearing wasteform
	2.3Unirradiated MOX Wasteforms
	2.4Cemented Wasteforms
	2.5Criticality Issues

	OPTIONS FOR RE-USE
	3.1Re-use As MOX In Sizewell B
	3.2Re-use As MOX In AP1000
	3.3Re-use As Inert Matrix Fuel (IMF)

	PU OXIDE STORAGE CONSIDERATIONS
	STRATEGIC CONSIDERATIONS
	5.1Scenario Modelling
	5.2Environmental Modelling
	5.3The Scenarios

	CONCLUSIONS

