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Background
Radioactive Waste Management Limited (hereafter RWM) (formerly NDA Radioactive Waste Management Directorate) has undertaken a Disposability Assessment equivalent to Interim stage to determine whether the process proposed by Sellafield Ltd (SL) to treat and immobilise a range of plutonium and uranium residues (plutonium residues) by Hot Isostatic Pressing (HIP) would constrain the ability to eventually produce a disposable package. A final packaging arrangement has not yet been selected for the wasteforms resulting from the treatment and immobilisation of the residues through HIP (HIP products). 
The objectives of this assessment are to provide Sellafield Ltd with: 

· An assessment of disposability in accordance with the Joint Regulators’ Guidance to Industry

· Supporting advice in the form of an Assessment Report on disposability of the plutonium residue HIP products once a final packaging arrangement has been selected. 

Further information on the Disposability Assessment process is available elsewhere
.

In 2009, RWM completed a Conceptual stage assessment on the plutonium residue HIP products. Two packaging options were presented as the basis of assessment, including packaging for disposal through the Low Heat Generating Waste (LHGW) route in a 500 litre drum or packaging for disposal through the High Heat Generating Waste (HHGW) route in a standard disposal canister. It was concluded at that time that there was reasonable confidence that the small quantity of HIP products could be compatible with geological disposal. Most of the development work was focused on the wasteform production, but areas for improvement were identified related to: confirmation of the waste inventory and tolerance to unknowns in the inventory, product characteristics and envelopes for treatment, need for a data collection and recording system, material accountancy and safeguards, and need for appropriate criticality safety cases.

The RWM Nuclear Safety and Environment Committee (NSEC) provides advice on the arrangements for assessing packaging proposals. In 2012, the NSEC was consulted on the proposal to immobilise plutonium residues using HIP. They provided support for the production of the HIP products and identified additional areas requiring clarification. Their advice has been incorporated into subsequent assessments. 

Further studies in 2010 and 2015 have looked at options for packaging and disposal of bulk plutonium stocks. These reviews compared a number of potential options for dispositioning the bulk stocks of separated civil plutonium, including re-use as MOX fuel and direct disposal as Pu HIP products. The outcome of those assessments is that disposition as Pu HIP currently presents the highest degree of confidence that a disposability case could be made based on current understanding.

RWM Reference Basis for Assessment and Endorsement
The Disposability Assessment process considers the compatibility of the proposed packages with the requirements for safe long-term management, including interim storage at the site of arising, transport, emplacement and potentially extended storage underground, and disposal.  The current reference basis for such an assessment is the documented disposal system concept and safety case for a Geological Disposal Facility (GDF) set out in the generic Disposal System Safety Case (DSSC). 
Scope of the Assessment
The plutonium residues have resulted from various research and development (R&D) and reprocessing operations carried out on the Sellafield site from the 1950s onwards and are currently stored in small ‘fruit cans’ (feed cans). Current policy is for plutonium stocks to be recycled, but the Nuclear Decommissioning Authority has indicated that the residues are unsuitable for recycle and that SL should progress with immobilising the residues using HIP in order to ensure the nuclear material is packaged into a passive form that meets the requirements for future long-term waste management without the need for further conditioning or re-packaging. It should be noted that although the plutonium residues have been declared waste, they are not included in the 2013 UK Radioactive Waste and Materials Inventory. 

Because a final packaging arrangement has not yet been selected, the assessment has considered whether the production of the plutonium residue HIP products would constrain the ability to eventually produce a disposable package. It has been assumed that the HIP products could be packaged either as LHGW in a 500 litre drum or as HHGW in canisters for geological disposal. A complete Disposability Assessment and any endorsement supporting a disposal package design will not be provided until a final packaging arrangement has been selected.

Nature of the Nuclear Material
The residues are heterogeneous and diverse, consisting of plutonium metal mixed with a variety of other materials. The nuclear material has been allocated into families of materials having similar properties in order to facilitate the appropriate treatment route. The exact quantities and allocation into the families will not be confirmed until the feed cans are opened. The feed can contents will be more accurately defined when the material is recovered and analysed. 

There are three types of treatment route proposed resulting in three types of HIP products: ceramic, glass-ceramic, and metal. The residues with high levels of actinide and low levels of impurities would be immobilised in ceramic. Two variants are proposed based on the level of actinides and impurities: zirconolite (CaZrTi2O7) for residues with relatively pure plutonium, and pyrochlore (CaUTi2O7) for residues with significant quantities of non-fissile actinides. Glass-ceramic would be used to immobilise residues with relatively low actinide content. Finally, metals would be used to immobilise residues containing metal, mercury, or other materials that are difficult to oxidise. In this case copper and/or aluminium are being considered for the immobilising matrix material. Mitigation of criticality during processing by the addition of neutron absorbers within the precursor compositions of both the glass-ceramic and ceramic wasteforms is also being considered.

Processing and Overpacking for Interim Storage 

Feed cans would be opened in batches according to the common treatment families, sent within an overpack into a glovebox where easily separable metallic components would be removed. The package would be heated in a furnace to destroy organic residues. Oxidation would be carried out in a reduced oxygen environment to avoid ignition of combustibles, remove moisture, and enable a reduction in the potential levels of carbon in the feeds which could destabilise the wasteform. The cooled material would then be placed in a transfer vessel before being sent to a size reduction glovebox.

Size reduction would be achieved in two stages depending on the nature of the feeds. The majority of feeds would be coarse size reduced in the form of a jaw crusher and sieved. The bulked material would be weighed and homogenised in a blender. A sample would be analysed using X-ray Fluorescence (XRF), plutonium assay, and isotopic analysis to determine whether the feed falls within the required envelope. If not, remedial action would be taken such as down blending with other feeds or reduction in loading. 

Material destined for ceramic or glass-ceramic would be processed through an attrition mill before granulation to enhance powder flow and improve packing in a ‘HIP can.’ If the material is to go through the ceramic route, it would be put into a bake-out furnace to remove zinc stearate previously added in the milling process. Granulated material would be poured into the can. A volume monitoring system would be put into place and a vibration system would be used to ensure the material in the can is evenly distributed and compacted. 

The HIP can would then be sealed for the Hot Isostatic Pressing process. This results in significant compression of the HIP can, which has been designed to respond in a pre-determined and uniform manner. Success of the HIP process would be verified by examination of the pressure/temperature history, and a visual assessment of the HIP can profile. 

For the metal encapsulation route, an inner can would be loaded with heat treated feeds. The can would be filled with aluminium or copper powder/shot and the lid secured.  Although the proposal is to use copper, aluminium is being considered because it is less dense, allowing for a higher quantity of nuclear material to be packaged in the HIP can while still meeting a 6kg glovebox manual handling limit. 

SL proposes to overpack the clean HIP cans (HIP products) into stainless steel outer cans (same design as that used for Magnox product), for storage in the Sellafield Product Residue Store (SPRS). It is currently assumed that these stainless steel outer cans would be included within the final package. 

Assessment Inventory and Number of HIP Product Cans

There are estimated to be just over 800 residue feed cans at Sellafield including future arisings from decommissioning. It is estimated that about 380 plutonium residue HIP products would result from the treatment processes. With two HIP products packaged in a 500 litre drum for disposal as LHGW, then 190 packages would be produced, whereas with 60 HIP products packaged in a standard disposal canister as HHGW, then seven standard disposal canisters would be produced.

The inventory is based on the same data presented in the 2009 Conceptual stage assessment. The total radionuclide inventory of the nuclear material is the sum of the radionuclide inventories of the civil plutonium, military plutonium, uranium, neptunium, thorium, and ingrown americium. Datasheets were developed as the basis of the assessment for an average, maximum heat, and maximum fissile package content. 

Package Properties and Performance

Containment of radioactivity is provided by encapsulation in the ceramic (zirconolite or pyrochlore), glass-ceramic, or metal matrices. These resulting HIP products would be placed in stainless steel outer cans for handling in storage and later packaged for final disposal. Formulation envelopes have been developed for the ceramic (zirconolite and pyrochlore) and glass-ceramic HIP products. A formulation envelope is not proposed for metal encapsulation. The key wasteform development requirements are summarised below:

Homogeneity 
The homogeneity of the wasteform is an important characteristic underpinning product quality. Distribution of the nuclear material through the matrix minimises radionuclide release from a package during an accident and helps to reduce the potential for accumulation of a fissile mass, which could lead to a criticality event. Comprehensive tests should be carried out on the residue families during commissioning to confirm that suitable homogeneity and product quality is achieved, taking account of variability across each residue family and other constituents in the nuclear material.

Non-Active Wasteform Precursors

SL has defined detailed breakdowns of inactive feed materials for the ceramic and glass-ceramic wasteforms, including formulations with and without neutron poisons. The use of neutron poisons would reduce the likelihood of criticality. It is not clear how a decision on which formulation to use would be made (with or without neutron poisons) or why the formulation without poisons is preferred. Further detail regarding the specification of acceptable particle size ranges and purity will be needed to underpin a comprehensive process specification.

Wasteform Performance

If fabricated according to specifications, it is considered that all three types of HIP products may exhibit a high degree of integrity, strength, and resistance to break-up in the event of dropped load impact accident, based on typical properties of ceramic, glass-ceramic and metallic wasteforms. Further strength would be provided by a final package once selected.

Non-Conforming Waste Constituents

SL has stated that studies are being carried out to assess the effect of potentially non-optimal HIP cycles and options to re-HIP products resulting from mal-operations. Overall, the proposals are limited in regards to discussion on non-compliant wasteform constituents. It will be important for SL to define the various wasteform feed envelope parameters and sensitivities to control wasteform production. A quarantine/reassignment methodology should also be considered for wasteform types that fall outside the specified parameters.

Outcome of Assessment

Compliance with the Transport System Design and Safety Case

If packaged as LHGW, it is assumed that the plutonium residue packages would be transported in a Standard Waste Transport Container (SWTC). If packaged as HHGW, it is assumed that the canisters would be transported in a Disposal Canister Transport Container (DCTC). 

The transport package configuration is considered to be sufficiently robust to withstand reasonable thermal or mechanical challenges without any significant release of radioactivity. This will need to be confirmed once a disposal package design is available.

RWM has considered how a transport criticality safety case could be constructed and has reviewed potential issues that could arise for ceramic, glass-ceramic and metal HIP products. Constraints on the number of HIP products in a final package will need to be considered to ensure transport safety is not adversely affected. Work is required to provide a more robust demonstration of criticality safety when a specific overpack and disposal option is selected including: the composition, size and number of HIP products in a transport package; analysis of potential neutron interaction between arrays of SWTCs or DCTCs containing ceramic HIP products, and; analysis of potential faults that could allow the safe fissile mass to be exceeded.

Compliance with Engineering Design and the Operational Safety Case

If packaged as LHGW in a 500 litre drum or as HHGW in a standard disposal canister, these packages would comprise multiple containment barriers. The packages would be adequately protected against fire and impact faults at a GDF, resulting in an insignificant Release Fraction (RF), therefore acceptable doses should be achievable. This conclusion will need to be confirmed once a final packaging arrangement is selected.

RWM has considered how an operational criticality safety case could be constructed and has reviewed potential issues that could arise. With the neutron absorber gadolinium (Gd) present in the ceramic or glass-ceramic HIP products, both the HHGW and the LHGW concepts would be sub-critical even if water fills the void spaces in the packages. If the Gd is excluded from the wasteform, the HHGW packaging concept would remain sub-critical because of the lack of void space in the package, the location of the ceramic (or glass-ceramic) in the package, the expected robustness of the cast iron insert and the neutron isolation of each package in its deposition hole. A detailed analysis of an array of LHGW packages in a vault would need to be undertaken.

The maximum heat output for a single HIP product is estimated to be less than 9W. Therefore, the heat output of two HIP products (18W) would be below the limit for a 500 litre drum at time of emplacement and back-filling, so it should be possible to control the heat loading of waste packages by controlling the number of HIP products per package. 

Based on the limited information available, disposal of the HIP products in canisters via the HHGW disposal concept should not pose any concerns with regard to operational safety. In contrast, the number of HIP products in any single LHGW package may need to be limited on grounds of heat output and criticality. 

Compliance with the Environmental Safety Case
Risks from the groundwater pathway from the disposal of plutonium have been assessed in several previous studies, including the work supporting the generic DSSC. The assessments have considered various plutonium product designs, container types and GDF emplacement methods.  These suggest that physical containment by the HIP product or final package does not alter the overall risk, so a packaging and disposal solution for plutonium residue HIP products could be developed, regardless of package loadings or whether ceramic, glass-ceramic or metal matrices are used.

The risk associated with plutonium isotopes is adversely affected by the presence of organic material that can degrade to produce complexing species that increase the solubility limit and decrease the sorption. The LHGW vaults would contain substantial amounts of organic material. Therefore, if the HIP products were to be disposed in these vaults, it may be necessary to consider a specific emplacement strategy in order to avoid placement in the proximity of high concentrations of organic waste.
RWM has considered how a long-term criticality safety case could be constructed. After GDF closure, the evolution of plutonium residue packages in a GDF could result in increased neutron reactivity. The potential for a critical system to develop depends on the leaching behaviour of the HIP product when exposed to groundwater after the container has been breached. If disposed in a HHGW canister, the robust HIP products and high-integrity standard disposal canister are expected to provide absolute containment for a considerable period of time. 

If the HIP products are to be disposed as LHGW, the disposal vault concepts involve backfilling with a cementitious material ensuring high pH conditions. Such conditions could have a detrimental effect on the leaching behaviour of the ceramic. The effect of elevated leach rates at a pH of ~12 would need to be considered if a cementitious disposal concept were to be proposed. In particular, it would be important to confirm that the evolved system remains consistent with the RWM understanding of long-term criticality as a low likelihood, low consequence event. It will therefore be key for SL to underpin the minimum wasteform performance requirements, such as leach rates for the HIP products.
Status of Management System and Data Recording
SL has made data recording proposals, which RWM has evaluated and further supported by the results of an RWM audit in June 2014. SL has outlined data to be recorded and maintained, which would include relevant information about the feed materials and process data, and demonstrate compliance with treatment options and storage conditions. In RWM’s audit, it was recommended that a more robust system needs to be implemented for R&D records, and further work should be considered to protect them. The data recording proposals are generic but signify an understanding of the records that would be important to the treatment process. These data recording proposals will need to be developed further to ensure they are adequate and meet RWM requirements.

SL has presented a product quality assurance philosophy for immobilising plutonium residues, stating that product quality would be ensured. The quality management proposals are considered to be adequate, with the exception that a formal audit of SL’s contractors should be conducted to ensure that the R&D provides justification for an adequate wasteform. The proposals and quality management documents will require further development as the project progresses.

Overall Conclusions 

Evidence supports the view that there is significant benefit in the proposed process to treat and encapsulate plutonium residues in ceramic, glass-ceramic, or metal products using HIP, removing reactive material that could impact the safety and longevity of a future waste package. Manufacture of the HIP products would not constrain a LHGW or HHGW final packaging arrangement and the GDF could accommodate the proposed small quantity of packages. This conclusion would be subject to confirmation once a final packaging arrangement has been selected. 

Much of the presented development work has focused on wasteform production. Prior to manufacture of the HIP products, it will be necessary for SL to further develop their data collection and recording systems to define, acquire and preserve information on the HIP products during treatment, manufacture and interim storage. SL will also need to address development of a treatment protocol and processes to exclude nuclear materials that are not compliant with HIP product envelope(s).

It will not be possible for RWM to provide a complete Disposability Assessment and any endorsement until a final packaging arrangement, appropriate GDF concept, and any necessary waste package specification(s) are developed. However, as noted above, production of the proposed HIP wasteform should facilitate the production of a disposable waste package in due course.

� An Overview of the RWM Disposability Assessment Process, WPS/650/03, April 2014.
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