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ABSTRACT

Continued reprocessing of spent nuclear fuel inventories in the United Kingdom has afforded a
significant stockpile of separated PuO3, presenting a unique decommissioning prospect and a challenge
of materials degradation. Indefinite storage is not considered to be a viable long-term management
strategy, hence the UK Government are considering alternative strategies favouring a combination of
reuse and/or disposal to place the material beyond reach. Zirconolite ceramic wasteforms are the
favoured immobilisation matrix for Pu oxides and residues, on the basis of high aqueous durability,
moderate wasteloading potential, and successful deployment as the actinide-bearing phase in the
multiphase SYNROC wasteform, specifically developed for as an alternative to borosilicate glass for
high level waste conditioning. In order to underpin the safety case for geological disposal of Pu-loaded
zirconolite matrices, it is necessary to systematically establish the preferred solid solution regime,
promoting maximum wasteloading and chemical durability whilst suppressing the formation of
secondary actinide-bearing phases. To this effect, a systematic analysis of Ce, U and Th incorporation
within zirconolite was performed, under a variety of synthesis conditions, in order to correlate the effect

of surrogate choice and oxidation state on zirconolite phase evolution.

In Chapter 5, the isovalent solid solution CaZr1.xMxTi2O7 (where M = Ce, U and Th) was targeted, with
the effect of surrogate oxidation state controlled through varying the sintering environment.
Incorporation of Ce, i.e. CaZrixCexTi207, was most effective under oxidising conditions, whereby a
transformation to the zirconolite-4M polytype was observed in the compositional interval 0.10 < x < 0.20,
occupying ~ 68 wt. % of the overall phase assemblage when targeting a Ce concentration equivalent
to x = 0.40. Imposing reducing conditions (5% H2/N2 mixture) during synthesis favoured the formation
of a significant perovskite fraction, occupying ~ 48 wt. % of the phase assemblage at x = 0.40. The
formation of the perovskite phase was attributed to complete reduction of the available Ce** inventory
to Ce®*, determined by Ce Lz XANES. Phase formation in the CaZri«UxTi2O7 solid solution was also
controlled by U oxidation state. Synthesis in inert Ar gas was sufficient to maintain the U inventory as
U#, promoting the formation of the zirconolite-4M polytype, confirmed by selected area electron
diffraction. Synthesis under reducing 5% H2/Nz stabilised a U-bearing accessory perovskite phase at all
levels of U concentration, alongside a pyrochlore-structured phase with elevated U content relative to
zirconolite, accounting for 30 wt. % of the overall phase assemblage when targeting the nominal
composition x = 0.40. Synthesis in air promoted the formation of higher U oxidation states, determined
to be > U by U Lz XANES analysis, resulting in U partitioning in a defect fluorite structured phase
beyond x = 0.20. Synthesis of the novel CaZr1xThxTi2O7 solid solution established that the zirconolite-
4M intermediate phase was not stabilised at the expected compositional interval, rather, the Th
inventory was concentrated in a secondary pyrochlore phase in the range 0.10 < x < 0.50. A single
phase product with the nominal formulation CaZro.40Tho.eoTi207 was produced when targeting x = 0.60,

presenting a potential route for immobilisation of Th-rich wastes.

The suitability of Cr3* as a charge balancing species for non-isovalent zirconolite solid solutions was
investigated in detail in Chapters 6 and 7, with the Cai1xCexZrTiz2-2xCraxO7 solid solution synthesised by

conventional sintering, reactive spark plasma sintering and hot isostatic pressing. Single phase



zirconolite-2M was stabilised in the compositional range 0 < x < 0.15 when sintering in air, with
secondary Ce-perovskite, CeO2, Cr.03 and ZrO: phases stabilised when targeting higher Ce
concentrations. Poor densification was achieved throughout the solid solution; hence reactive spark
plasma sintering was deployed to achieve greater consolidation. Despite a marked improvement to near
theoretical density, the reducing conditions imposed by the graphite die were sufficient to entirely reduce
the available Ce** inventory to Ce®*, destabilising the phase assemblage through preferential formation
of Ce-perovskite, accounting for ~ 19 wt. %. A subset of this material was also processed via HIP, as
this is the preferred thermal treatment route for UK Pu inventories. Processing at 1320 °C with a dwell
pressure of 100 MPa failed to yield a single phase product, with unincorporated CeOz, Cr-03 and ZrO:
present in the bulk microstructure. Observations of the canister-ceramic interface were consistent with
those previously detailed for similar HIPed microstructures, dominated by a 10 ym thick Cr-rich oxide
interface. Elevated quantities of Ce-perovskite were observed at the interface, indicative of slightly
reducing conditions at the periphery.

The influence of surrogate choice, and in turn the effect of secondary phase formation, on the chemical
durability of zirconolite compositions under aggressive leaching conditions was resolved in Chapter 8.
Using a unique dissolution methodology, whereby three distinct zirconolite compositions were exposed
to a variety aggressive leaching environments (including 8M HNO3s and 1M H2SO4), it was possible to
guantify the extent to which the fissile surrogate fraction was extracted from the wasteform into solution.
We report that the extent of dissolution was controlled by both the presence of detrimental secondary
phases present in the microstructure, and choice of surrogate used. Through careful optimisation of the
zirconolite composition, by which the wasteform was buffered with excess Zr/Ti to preclude secondary
phase formation, the quantity of the original surrogate fissile inventory dissolved from the ceramic
material significantly reduced.
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NOTES ON THESIS STRUCTURE

The format of this thesis is such that it deviates from a conventional structure, insofar as the majority of
the work has already been published, or is in the process of being reviewed for journal publication.
Chapters 1, 2 and 4 conform to a regular structure, however Chapter 3, 5, 6, 7 and 8 have been largely

replaced by peer-reviewed journal articles. It is hoped that this will aid the reader’'s comprehension of
the work.
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1. INTRODUCTION

The United Kingdom is currently in possession of the largest stockpile of separated plutonium under
civil safeguards worldwide ™, The 2019 Radioactive Waste Inventory reported that approximately 112
tHM (tonnes, heavy metal equivalent) of PuO:2 is consolidated at the Sellafield site, and this is forecast
to increase to around 140 tHM upon completion of scheduled reprocessing operations [?. This material
was derived from aqueous reprocessing of spent nuclear fuel (SNF) from the Magnox and advanced
gas cooled (AGR) fleet of reactors, at the Magnox and ThORP (thermal oxide reprocessing plant)
facilities, respectively. The separated PuOz: in its current form poses significant security risk, and a long
term management strategy must be implemented in order to reduce the risk imposed to the public and
wider environment, and reduce the burden for future generations . The corporate body liable for the
storage, transport, decommissioning and eventual disposal of all radioactive material, produced as a
consequence of the civil nuclear fuel cycle, is the Nuclear Decommissioning Authority (NDA),
established through the 2004 Energy Act ™. Accordingly, the NDA are wholly responsible for the
disposition of the plutonium stockpile, whether through reuse, disposal or otherwise. The NDA has
outlined several credible options for the plutonium stockpile, with emphasis on deliverability,
technological feasibility, socioeconomic viability and benefit, safety, and environmental compatibility .
The two high-level options that are currently being considered are: reuse as mixed oxide (MOX) fuels,

followed by disposal in a geological disposal facility (GDF) or prompt immobilisation and disposal.

At a broad level, immobilisation of radioactive or otherwise hazardous material typically involves the
conversion, either by vitrification, cementation, incineration, or ceramic processing of waste into a
passively safe wasteform, thereby reducing the risk associated with storage, transport and ultimate
disposal 61, The choice of immobilisation matrix and compositional specifications of a radioactive
wasteform are tailored, with considerations given to the physical state of the feedstock, radionuclide
inventory, required lifetime, chemical durability, thermal footprint, volume, cost and technical maturity
of available technology. Considering waste streams with a high actinide fraction, such as calcined PuOz2
powder, crystalline ceramic materials offer a suite of desirable properties and natural mineral
analogues, and are therefore considered to be superior immobilisation matrices to cementitious or
vitrified materials ). Fundamentally, radionuclides may be accepted in solid solution within specific
lattice sites in the ceramic structure, allowing the radioactive species to adopt the properties of the
parent structure. Therefore, candidate ceramics for immobilisation of high activity wastes are typically
derived from naturally occurring mineral structures that have demonstrated exceptional longevity, and
resistance to natural weathering processes. As a result, there have been several international research
programmes aiming to identify crystalline systems that may offer a suitable combination of properties
for the immobilisation of plutonium. The most successful of these programmes was undertaken the
Australian Nuclear Science and Technology Organisation (ANSTO), with the development of the
SYNROC (SYNthetic-ROCKk) concept. SYNROC was developed as a multiphase ceramic consisting of
synthetic titanate phases, designed with analogy to naturally occurring mineral specimens, with a
demonstrated capacity to host most elements that are present in generic high level waste streams [,

The SYNROC wasteform is generally comprised of three phases: hollandite (BaAl:TisO1s — capable of



accommodating Cs*, Rb*, K*, Ba?*, Fe?*, Cr®* etc.), zirconolite (CaZrTi.O7 — capable of accommodating
U#, Pu®*, Th*, Cm*, Am**, Np** etc.) and perovskite (CaTiOs — capable of accommodating Na*, Sr?*,
Am3*, Cm?3, Np®* etc.). The SYNROC design philosophy is such that liquid high level waste derived
from aqueous reprocessing may be calcined and intimately mixed with mineral forming precursors, and
hot pressed to form a synthetic rock-like material, with chemical durability superior of that to
conventional borosilicate glass matrices [ (20, Furthermore, the relative fraction of each mineral may
be tailored to provide greater compatibility with the feedstock chemistry, e.g. SYNROC-D was
developed for the immobilisation of U.S. defence wastes containing considerable processing
contaminants Mn, Ni, Si [, The success of the SYNROC programme has promoted considerable
research into the development of single phase ceramic wasteforms for the immobilisation of high-purity
actinide waste streams, such as surplus plutonium. In particular, zirconolite has been considered as a
suitable host for Pu®*#*, and has been the subject of considerable study 121201, The parent structure is
comprised of alternating layers of CaOs/ZrO7 polyhedra and planes of TiOs/TiOs polyhedra arranged in
hexagonal tungsten bronze-type motifs. Pu may be accommodated in solid solution via substitution
within Ca?* and Zr** sites 12 [211. [22I. The Ti** site has also demonstrated extensive solubility of lower
valence cation species (Fe®*, Mg?*, AI**) to provide charge compensation. Natural specimens of
zirconolite have demonstrated exceptional resistance to chemical alteration over geological timescales,
with some specimens retaining significant (~ 20 wt. %) fractions of their original radionuclide inventory,
typically U/Th [23-251 Synthetic specimens have exhibited normalised leach rates of the order 106 g m-
2 d1 in some instances [28 providing a considerable safety margin as a host of Pu, for which the 23°Pu

isotope has the longest half-life of approximately 24,100 y.

Although the zirconolite system has been the subject of considerable research, inactive chemical
surrogates are typically utilised in lieu of isotopes of Pu, due to the stringent safety requirements
necessary for laboratory scale manipulation of Pu. Specifically, Ce**, Ce®*, Gd®*, Hf**, Sm3*, U*", Th**
are commonly used as surrogates for Pu* and Pu®'. These surrogates have comparable
electronegativity, ionic radii, oxide melting temperature, valence, and redox behaviour (amongst other
physicochemical properties), and can therefore, under suitable conditions, provide reasonable simulant
behaviour. Although none of the elements above can perfectly replicate Pu in all chemical
environments, surrogates have proven to be very useful with regards to scoping the incorporation of Pu
in glass and ceramic wasteforms. Nevertheless, there is considerable inconsistency and non-
compatibility within the literature regarding synthesis routes, sintering regimes and surrogate use,
making a useful comparison of surrogate retention within the zirconolite phase difficult to systematically
catalogue. The provision of a useful safety case for the deployment of zirconolite wasteforms for Pu in
the context of geological disposal is therefore contingent on the success of careful systematic trials

investigating the efficacy of Pu surrogates.

The primary objective of this thesis was to systematically characterise the solid solution behaviour of
Pu surrogates within the zirconolite phase, allowing expedient optimisation of potential wasteform
formulations, therefore further underpinning the safety case for immobilisation as a disposal route.

Specifically, this work herein utilised Ce, U and Th as surrogates, on the basis of the aforementioned



criteria. Furthermore, the impact of surrogate valence on zirconolite phase formation, microstructure
properties and chemical durability was to be assessed through careful and systematic control of
processing environment and synthesis route. The expectation, in this case, was that the production of
an extensive catalogue of zirconolite solid solutions, fabricated with Ce, U and Th, with formal valence
states explicitly determined, would serve as a useful screening tool to easily down-select undesirable
compositions, and identify potential candidates to promote to Pu validation trials. It was also the
expectation that this could be achieved during the course of this study, however due to the COVID-19
pandemic, Pu validation trials did not materialise. On the basis of expediency and ease of processing,
a conventional mixed oxide cold-press and sintering (CPS) ceramic processing route was used,
however, this thesis also aimed to develop the use of novel thermal processing treatments, for example
Hot Isostatic Pressing (HIP) and Reactive Spark Plasma Sintering (RSPS).



2. NUCLEAR PROCESSES, POWER AND WASTE

2.1 Atomic Structure and Radioactive Decay

Atoms are the building blocks of the elements, consisting of a nucleus of protons and neutrons (baryons)
with electrons (leptons) orbiting the nucleus in quantized orbitals. Elements are charge stabilised by
inclusion of an equal number of protons and electrons, and arranged in the periodic table according to
the increasing number of protons Z, with the number of neutrons given by N. Hence, the mass of an
atomic nucleus (disregarding the negligible ~ 103! kg electron mass) can be given by Z + N = A, where
the unit of A is the atomic mass unit (u) = 1.66 x 10?” kg [?71. Electrons are bound to protons in the
nucleus via the electromagnetic force, as protons and electrons have opposing charge +e and -e
respectively where e = 1.6 x 101° C. The presence of neutrons in the nucleus permits stability via the
strong nuclear force, which acts over a range of approximately 10> m. All protons experience mutual
electrostatic repulsion and accordingly must overcome the Coulomb barrier that prevents nuclear
stability. Therefore, as the number of protons increases so must the proportion of neutrons necessary
to ensure the stability of the nucleus. This is illustrated in Fig. 1. Nuclei with differing numbers of
neutrons (isotopes) may be unstable and will subsequently decay by one of several radioactive decay
modes, accompanied by the emission of ionising radiation: alpha, beta, or gamma. Each decay mode
is characterised by varying ionisation potential and penetration depth. The relationship between Z and
decay mode is shown in Fig. 1, demonstrating a-decay is favoured by heavier species, whilst lighter
elements are more susceptible to B-decay. The mass of a nucleus is always slightly lower than the
mass of the constituent nucleons, this is called the mass defect (Am). According to the Einstein mass-
energy equivalence (E = mc?) the total energy of the nucleus is less than the combined energy of the
individual nucleons. The energy released in the formation of a nucleus is therefore described as the
binding energy, and is considered a measure of nuclear stability. The energy liberated (or absorbed) in
a nuclear process is therefore dependent on the binding energy, and is defined as the Q-value. This is
described by Eq. 1, where 931.5 MeV/c? = 1 amu.

Q(MG'V) = —-9315 - Am Equation (1)

Isotopes may achieve stability by a number of radioactive decay processes until a stable isotope is
reached (at a broad level, these are alpha (a), beta (B) and gamma (y) decay). A symbolic
representation of the dominant radioactive decay processes is summarised in Table 1. It should be
noted that there are several quantities that are conserved during these decay processes: the total
energy of the system; linear momentum; total charge; number of nucleons (mass number); total angular

momentum.
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Fig. 1) Relationship between number of protons and neutrons held within the atomic nucleus, with

major nuclear decay modes indicated (adapted from [2%)
2.1.1 Alpha Decay

Alpha (a) radiation is typical of neutron deficient isotopes (such as those in the actinide region of the
periodic table) and is the most ionising natural form of radiation. Alpha decay is characterised by the
ejection of a “He nucleus (a-particle), producing a daughter nucleus. The daughter nucleus may exist
briefly in an excited state, and may be accompanied by emission of a y-ray. A specific example of a-
decay is given in Eq. 2. The atomic number Z is decreased by 2 and the mass number A is decreased
by 4 in all alpha ejections. Following the conservation of momentum, the decay energy is transferred

overwhelmingly to the a-patrticle.
°U — S3*Th + 3He + v Equation (2)

As the ejected “He nucleus is positively charged it must overcome the repulsion provided by the parent
nucleus (-~ 25 MeV) 29, Alpha decay is a particularly important process in the development of
immobilisation matrices for actinides such as 28U, as at low energy the “He nucleus will acquire
electrons to form He-gas, the accumulation of which causes swelling, ultimately degrading the

mechanical integrity of the wasteform %, The positive charge of a-particles means have a high rate of



energy loss in matter. Shielding requirements for a-particles are often minimal, for example the range

of an a-particle in air (approximate density 1.2 mg/cm?) is around 3.7 cm.
2.1.2 Beta Decay

Beta decay is the most common mode of radioactive decay. There are three types of B-decay: electron
emission (- decay), positron emission (B* decay), and electron capture (EC). In order to satisfy the
conservation of angular momentum, beta-decay is accompanied by emission of a neutrino. B~ decay is
observed when a high velocity electron is emitted from the core of an unstable nucleus via neutron
decay. As indicated by Fig. 1 this occurs when there is an abundance of neutrons relative to the N-Z
stability curve. The Z number increases by 1 and there is negligible change in mass A. An example of
B decay is given by Eq. 3.

584Th — 3113413& + e + Equation (3)
B~ decay is accompanied by the emission of an electron antineutrino in accordance with energy
conservation. Here, a neutron is decaying into a proton (demonstrating the increase in Z value)

alongside an electron and an antineutrino.

B* decay is characterised by the ejection of an antielectron (positron) and a neutrino from an unstable
atomic nucleus. This is typical of isotopes with a low ratio of N-Z. Akin to 3~ there is negligible change
in A, however, there is a decrease in Z as * involves proton decay into a neutron accompanied by
emission of a positron and electron neutrino. A specific example of B* decay is given in Eq. 4. As the
positron is the antiparticle of the electron, the ionising potential is identical and the necessary shielding
is the same (e.g. Al foil).

F—= YO +6"+ v, Equation (4)

Elements may also achieve stability via electron capture, during which an electron from the inner shell
combines with a proton in the nucleus to form a neutron and a neutrino (this process is sometimes
referred to as K-capture, as the electron is captured from the K shell). Eq. 5 provides an example of
EC. In this example, the neutrino is discharged with the entirety of the decay energy. The EC process
is also accompanied by the emission of a y-ray, resulting from electron transitions to fill the lower-shell

vacancy produced.
nga+ e — gan + Ve Equation (5)

2.1.3 Gamma Decay

Gamma emission (y-emission) is not typically a primary decay mode and often accompanies a and 8
decay, when the daughter product from the decay exists in a metastable state (often referred to as the
excited state). The exited state decays rapidly to the relaxed state over timescales of 1012 s by emission
of high frequency quantised electromagnetic radiation, termed y-emission. Gamma rays are highly

penetrating and therefore require a substantial degree of shielding relative to a and 3-decay. As the



attenuation of electromagnetic radiation is generally proportional to Z, heavy metals such as lead are
used in combination with concrete and even water. The process by which y-emission accompanies the

B- decay of ®°Co is illustrated in Fig. 2.

0.31 MeV B-(99.88%)

1.17 MeV y

1.33 MeV y

2Ni

Fig. 2) lllustration of - and y-decay processes for €°Co

Table 1) Summary of radioactive decay modes [3

Decay Mode  Symbolic Representation Decay Energy (MeV)
a §X Y ﬁj‘z‘x + 3He Q(MeV) = —931.5(Mz 5 + Mye — M>)
B X8, X+0 + ¥ Q(MeV) = —931.5 (Mz,y — Mz)
B X 24 X+6+V, Q(MeV) = —931.5(Mz.y + 2M, — M)
EC X+ =5 X+, Q(MeV) = —931.5(Mz_y — My)
Y AX* = 24X + v -

2.2 Nuclear Fission and the Chain Reaction

The interaction of neutrons with fissile elements contained within nuclear fuel is the fundamental basis
of nuclear power generation. There are two fundamental interactions that an incident neutron can have
with matter: scattering or absorption. The statistical probability of an interaction occurring between a
target element and an incident neutron is the ‘cross section’, measured in barns (1 barn = 1028 m2).
Neutron scattering can be elastic or inelastic and can be treated similar to macroscopic scattering.
Considering a neutron incident on a stationary nucleus, an elastic collision would result in a change in
the kinetic energy of the neutron resulting in a change in speed and direction, due to the conservation
of momentum. This energy is transferred to the nucleus via the collision yet the properties of the nucleus
are not altered. The process of inelastic scattering however results in the excitation and subsequent
decay of the target nucleus. An example of this principle is given in Eq. 6.

(1)n + SSBU —F (1)Il+ SSBU* — 2)11 I SgBU + A Equation (6)



Here, the intermediate product is a 228U* nucleus in an excited state (denoted by an asterisk). This
excited nuclear state decays with the emission of a y-ray photon. The kinetic energy of the incident
neutron determines whether the collision is elastic or inelastic: the latter occurs when this energy is
greater than the energy necessary to excite the nucleus from its ground state to the lowest possible
excited state. This process is referred to as inelastic scattering as, whilst energy is conserved, the
kinetic energy is different due to the emission of radiation.

Neutrons can be also absorbed (radiative capture) propagating two fundamental processes: fission,
and transmutation. A simplified illustration of the fission process is given in Fig. 3. If the binding energy
per nucleon is sufficiently lower for a metastable compound nucleus subsequent to the absorption of a
neutron, the nucleus will split (fission) into two roughly equal fragments, releasing energy and neutrons.
Considering the specific case illustrated in Fig. 3: a slow moving neutron is absorbed by the nucleus of
235; the 2%5U* nucleus formed is highly unstable and begins to deform into two fragments of roughly
equal size; the nucleus splits into °°Kr and *'Ba, producing three neutrons (this varies for each
individual fission event) and a release of around 200 MeV per fission 32, The fission fragment yield is
different for the fission spectrum (e.g. thermal fission or fast fission) and the fissile species. Thermal
neutrons have an energy of approximately 0.025 eV, whereas fast neutrons have energies < 1 MeV.
The general fission yield is a bimodal distribution centred around two maxima as displayed in Fig. 4.
The liberated neutrons can then initiate further fission, creating a chain reaction. The probability of
fission (i.e. the fission cross section) is dependent on the energy of the incident neutron. As can be
seen from Fig. 5, the fission cross section of 235U is greater for neutrons with lower energy (eV), hence
neutrons must be moderated in the reactor core, to reduce their speed such that they are thermal
neutrons. The balance of neutrons in the reactor is often referred to as the neutron population, or
neutron economy; the ratio of neutrons generated from a reaction to absorption and leakage in the
preceding reaction is called the multiplication factor (Eq. 7).

Fig. 3) Schematic of the neutron induced fission of 23U



CHAIN YIELD (%)
=
N

10-5> pdoadlp g BBy e Foe il g o Oy gop @0 g gopla o va B g |2
70 80 90 100 110 120 130 140 150 160
MASS (A)

Fig. 4) Thermal fission yield for 233U, 235U, 2*°Py and ?*'Pu as a function of A 34
k = ’l’]'f'p'E'PNL Equation (7)

From Eq. 7 the effective multiplication constant is calculated, which describes the criticality conditions
within the core of a reactor:

e n—number of neutrons liberated from fission reaction within the fuel
e f—fraction of neutrons absorbed in fissile nuclides

e p— probability that a neutron does not undergo resonance capture
o ¢ —fast fission factor

e Py — probability that fast and thermal neutrons do not leak from the system

Using Eqg. 7, it is possible to describe the criticality of a nuclear system in regards to neutron economy;
if k = 1, the system is said to be in a condition of criticality, in which on average one neutron survives to
cause another fission; if k > 1, the system is supercritical and more neutrons are generated than
absorbed, and must be removed; if k < 1, the condition is subcritical, and the fission reaction is not self-

sustaining. The objective of a nuclear reactor is to maintain a self-sustaining chain reaction i.e. k = 1.
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2.3 Nuclear Power

Nuclear power constitutes a significant portion of the U.K. energy portfolio, and in some nations (e.qg.
France) is the principle contributor towards civil power generation. Nuclear energy exploits the
controlled fission of 225U nuclei into lighter fragments, allowing the transfer of energy to a useful medium
to generate electrical energy. This energy can be harnessed in a number of ways depending on the
type of reactor and the fuel that is utilised, however, the fundamental basis of power generation is the
same, in which the heat released from the fission reaction is used to generate steam, which can then
drive a turbine and produce an electrical output. The U.K. was the first hation to implement a civil nuclear
power programme following the Second World War. As of 2019 the U.K. maintains seven advanced
gas cooled power stations and a pressurised water reactor (PWR), producing a net capacity of 8918
MW(e), and contributing around 20% of total national electricity output, with two more reactors now
under construction at Hinkley Point C 34, Nuclear facilities in the U.K., including medical and industrial,

are illustrated in Fig. 6.
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2.3.1 Nuclear Fuel Fabrication and Enrichment

The type of nuclear fuel, and operational parameters of the reactor, are ultimately responsible for the
characteristics of the waste output. Nuclear fuel is comprised of a fissile element, typically uranium
metal bars or oxide formed as pellets. The fuel assembly consists of two primary features: the fuel itself
and cladding. A cladding surrounds the arrangements of fuel and is responsible for isolating the fuel
from its immediate environment and providing containment for fission gasses produced during the
course of the fuel lifetime. Collections of fuel rods (assemblies) must adhere a host of requirements to
enable maximum reactor efficiency and safety. An example of a PWR fuel assembly is displayed in Fig.
7. Imperatively, the fuel assemblies must be able to withstand the strain imposed by pellet-clad

11



mechanical interactions, maintain resistance against corrosion of cladding, have sufficient internal

volume to contain evolved gasses, and be robust against the possibility of loss-of-coolant (LOC) events.

Fig. 7) lllustration of PWR fuel assembly (adapted from [36])

The uranium resource is mined from a variety of ores worldwide (this will not be discussed here,
although it is important to note that U is leached and extracted from ore, and subsequently converted
to UsOs yellowcake). The natural isotopic content of uranium is ~ 99.3% 238U, alongside ~ 0.7% 2*°U,
and a very small amount (0.0053%) of 234U [¥7], Of these isotopes, only 23°U is capable of undergoing
fission to produce a self-sustaining chain reaction, hence the decision may be taken to isotopically
enrich the uranium precursor prior to fuel fabrication, allowing greater efficiency for large-scale water
moderated reactors, such as the Boiling Water Reactor (BWR). In such a process, the relative quantity
of the fissionable 25U isotope is increased. As the chemical and physical properties of nuclear isotopes
are practically identical, any manner of separation technique will likely be highly inefficient and energy
intensive. The U enrichment process takes advantage of the small mass difference between 23°U and
238U by combining with fluorine, which has one naturally occurring isotope with amu = 19.00. The UO:2
is fluorinated to form UFs, and fed into a gas-centrifuge or gaseous-diffuser, exploiting the small mass
difference between #**UFs and 28UFs, resulting in the lighter 23>UFs molecules travelling slightly faster.
In the case of enrichment by gas-centrifuge, the gaseous UFs is introduced into the gas cylinder rotating
at high speed; the 28UFs migrates towards the outer volume of the gas column, whilst the lighter 2°UFs
accumulates in the centre of the centrifuge 8. This process must be repeated hundreds of times to
achieve the desired enrichment, hence centrifuges are connected in series called a cascade.

Enrichment via gaseous diffusion also exploits the mass difference of U isotopes in UFs by using a
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compressor to force the material through a semi-permeable diffusion barrier; as 23UFs will travel faster
through the barrier, separation may be achieved (although akin to enrichment by gas-centrifuge, this
process must be repeated hundreds of times to achieve a desirable separation factor) [38. A simplified
schematic of both enrichment techniques is presented in Fig. 8. In order to convert the enriched UFs to
enriched UOz2, the UFs is hydrolysed to form UOzF. and subsequently precipitated with ammonium
hydroxide (NH4(OH)) to form ammonium diuranate (NH)U207 9. This is then reduced by heating in
Hz, allowing conversion to UO: for fuel fabrication. These pellets may be machined to suit the desired
dimensions and arranged into fuel rods and assemblies.
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Fig. 8) Schematic of gaseous diffusion unit (left) and gas centrifuge unit (right) (reproduced from 7)
2.3.2 Nuclear Reactors

All commercial nuclear reactors utilise the heat produced from the fission reaction to generate an
electrical output. Historically the U.K. has operated three types of commercial reactor: Magnox (the
name derived from the magnesium alloy used for fuel cladding), AGR and PWR. The U.K. also operated
a prototype fast breeder reactor at Dounreay. A host of research-scale reactors are also operated
nationwide, yet they shall not be discussed here. Whilst the aim of this section is not to discuss in detalil
the physical parameters governing the operation of a nuclear reactor, it is necessary to discuss the key
features of a commercial nuclear power plant:

e Fuel — The fuel component contains the fissile element (typically 2%°U) in the form of metallic
uranium (natural isotopic content — Magnox) or UO: (isotopically enriched — AGR) ceramic
pellets. Advanced fuels may also incorporate additives such as AlOs and Cr20s to improve
grain properties.

e Cladding — The purpose of cladding is to provide a physical (yet not thermal) barrier between
the fuel material and the coolant medium, to prevent exposure of coolant to highly radioactive
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fission products. The cladding is ideally fabricated from material with high corrosion resistance
and a low neutron absorption cross section.

e Moderator — The purpose of a moderator is to reduce the speed of neutrons, to increase the
fission yield within the reactor core. The choice of moderator is typically water (PWR, BWR —
heavy water for PHWR) or graphite (AGR, LWGR).

e Coolant — The coolant medium is passed through the core and heated. This is then pumped to
the heat exchanger to a secondary steam generating loop (with the exception of the BWR
reactor type, in which the steam cycle is integrated with the core). The flow of coolant is
paramount in the operation of a reactor, as a LOCA (loss of coolant accident) can lead to partial
core melting, due to residual heat output.

e Control Rods — Control rods are inserted or removed from the core to control the reactor.
These are produced from materials with a high neutron absorption cross section in order to
effectively remove neutrons from the flux and reduce the rate of fission.

e Reactor Pressure Vessel — The reactor pressure vessel (RPV) contains the nuclear reactor
core and fuel assembly. It is typically fabricated from stainless steel to mitigate corrosion. The
interior of the RPV is also lined with a neutron reflecting material such as beryllium.

2.3.2.1 Magnox Reactor

Although the design of the Magnox reactor was utilised for the production of weapons grade Pu for
military purposes, it was considered that the thermal output could also be utilised to generate power for
civilian applications. Thus, the Calder Hall reactor, opened in 1956, was the first commercial nuclear
reactor to be integrated into the power grid. A large fleet of Magnox reactors were subsequently
constructed following the generic reactor design, although each reactor inevitably had individual design
features. Each iteration of the Magnox design was refined, such that the average efficiency and fuel
rating was increased over time. All U.K. Magnox reactors were based on the design of the experimental
Calder Hall and Chapelcross reactors. There are no longer any operational Magnox reactors in the
U.K., with the closure of the Wylfa reactor in 2015, although decommissioning is still progress. A list of

all retired Magnox power stations, and associated output efficiency, is presented in Table 2.

Table 2) List of retired Magnox reactors and output (data from [40): [411)

Power Station Net Output Commercial Efficiency (%) Average Fuel Rating
(MWe) QOperation (MWt/tU)

Calder Hall 200 1959 - 2003 23 153
Chapelcross. 240 1960 — 2004 23 1.53
Berkeley 276 1962 - 1989 25 242
Bradwell 246 1962 — 2002 28 2.52
Hunterston A 300 1964 — 1990 30 2.1
Hinkley Point A 470 1965 - 2000 28 2.65
Trawsfynydd 390 1965 — 1991 29 310
Dungeness A 450 1965 - 2006 33 2.80
Sizewell A 420 1966 — 2006 31 295
Oldbury 434 1968 - 2012 34 2.85
Wylfa 980 1972 - 2015 33 315
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A schematic overview of the generic Magnox reactor design is given in Fig. 9. The Magnox design had
several distinct design features. The design used CO: gas as a coolant, typically with additions of 1 —
1.5% CO, H2 (10 ppm vol.), CH4 (10 ppm vol.) and H20 (1 ppm vol.) ¥7]. The CO- was introduced to the
manifold under the reactor at around 100 psi at a mass flow rate of 891 kg/sec; the temperature at the
core inlet was 140 °C, as the CO2z was circulated through the core heat transfer from the fission reaction
occurs, raising the outlet temperature to 336 °C 1. The coolant was circulated to the heat exchanger,
where it was passed over an isolated water circuit to enable efficient heat transfer. The water was
converted to steam which was then passed to the turbine stop valve, at a temperature and pressure of
310 °C and 14 kg/cm?, respectively. The temperature of the CO2 decreased and passed back into the
manifold and recirculated into the reactor core. The Magnox design utilised uranium metal fuel of natural
isotopic content, encased in cladding. The use of uranium metal fuel and Magnox cladding resulted in
an operational temperature limit < 450 °C, to prevent excessive oxidation and creep of the cladding
material 2. Furthermore, uranium metal undergoes an a- phase change at 662 °C, leading to a
considerable volume expansion, and subsequently placing undesirable stress on cladding elements if
exceeded 3, The magnesium rich cladding (from which the name Magnox is derived) refers to two
specific alloys, named AL80 (Mg + 0.7 — 0.9% Al) and Zr55 (Mg + 0.45 — 0.65% Zr) “4, Both alloys
were utilised in the Magnox fleet although the AL80 was more common. Metallic uranium fuel was
machined and placed into fuel pins, with approximate dimensions 100 cm by 2.8 cm, with a cladding
thickness of 2.0 mm 51, An example of a Magnox fuel rod is displayed in Fig. 10, exhibiting the helically
finned surface applied to increase heat transfer with the CO2 coolant. Neutron moderation in the Magnox
reactor design was facilitated by the installation of graphite blocks surrounding the fuel elements. The
radiolytic oxidation of graphite moderator was considered to be a determining factor in the lifetime
commissioning of Magnox reactor, leading to reduction in strength and moderating capacity [¢l. The
accumulation of 14C in reactor graphite can be up to 1 wt. %, and is a considerable decommissioning
concern due to the presented internal hazard to humans [, It is estimated that 36,000 m? of graphite

was utilised in the U.K. Magnox fleet [47].
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Subsequent to irradiation, Magnox fuel was unloaded from the reactor and placed into a cooling pond
for around 180 d prior to transport to Sellafield for further cooling and reprocessing. The corrosion of
the Mg-rich cladding in sub optimal wet storage has resulted in a significant accumulation of some 1500
m?3 sludge (estimated quantity in 2013); the sludge is rich in Mg(OH)2, MgsAl2(CO3)(OH)16-4H20 and
Mg2CO3(OH)2-3H20, alongside corroded uranium, fission products °°Sr, 3’Cs and minor Pu %, Under

current U.K. guidelines, these waste streams are classified as intermediate level wastes (ILW). Potential
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immobilisation and disposal routes for Magnox sludge have recently been demonstrated, including

vitrification and hot isostatic pressing into a glass-ceramic matrix 54 521,
2.3.2.2 Advanced Gas Cooled Reactor (AGR)

The AGR reactor type constitutes 14 of the 15 power plants currently operated in the U.K., and is a
technical improvement upon the indigenous Magnox reactor fleet, allowing greater efficiency and fuel
burn-up by use of 2.5 — 3.5% enriched ceramic UO: fuel pellets, in place of metallic uranium fuel. The
prototype Windscale Advanced Gas Cooled Reactor (WAGR) was opened in 1963; the Hinkley Point B
site was the first commercially operated AGR, opening in 1976, consisting of two reactors with a
combined net output of 1220 MWe. A fleet of AGR reactors have since been constructed, all of which
remain in operation (Table 3). Unlike the Magnox fleet, for which the fundamental design criteria was
Pu breeding and electricity co-generation, the AGR was optimised for power generation, and as such

allowed greater temperature of the gas-coolant cycle, increasing the thermal efficiency.

Table 3) List of operational AGR reactors and output (data from [401. [531)

Power Station Net Output Anticipated Efficiency (%) Average Fuel
(MWe) Operational Period Rating (MWt/tU)
Dungeness B 1100 1985 - 2028 41.6 9.5

Hartlepool A 1210 1989 — 2024 41.1 12.5
Heysham 1 1150 1989 — 2024 41.1 12.5
Heysham 2 1250 1989 — 2030 40.7 13.65
Hinkley Point B 1220 1976 — 2023 41.1 13.2
Hunterston B 1190 1976 — 2023 41.1 13.2
Torness 1250 1988 — 2030 40.7 13.65

A schematic overview of the AGR reactor design is shown in Fig. 11. Many of the design features are
inherited from the Magnox predecessor; the AGR utilises a CO2-rich gas coolant, with graphite
moderator. The coolant chemistry of the AGR reactor is more complex than the Magnox design, due to
the greater operating temperature. Excessive graphite oxidation under elevated reactor temperatures
produces CO; the radiolytic breakdown of CO results in the formation of carbonaceous species which
may deposit on the fuel pins, significantly reducing heat transfer [¥7), Accordingly, the CO- gas stream
is seeded with 1 vol. % CO, CH4 (230 ppm vol.) and H20 (300 ppm vol.); the option to inject carbonyl
sulphide into the coolant stream to control carbonaceous deposition is also recognised [¥71. The coolant
is introduced into the gas manifold in the reactor core with a total gas flow rate of 4076 kg/s, with an
average inlet temperature of 339 °C; in much a similar manner to the Magnox design, the CO: rises
through the core, absorbing heat from the fission reaction; the mean outlet gas temperature is increased
to 639 ‘C 331, The gas is circulated to the heat exchanger, where the heated feedwater temperature is
introduced at 158 °C. A superheater channel is placed above the boiler section producing steam at a
pressure of 167 bar and 538 °C to the high pressure turbine. Although the original AGR design utilised
Be as a cladding material, it was realised that high neutron flux led to a significant decrease in density
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of Be cladding specimens, and accordingly the material was considered too brittle 54, Accordingly,
austenitic stainless steel alloy (20Cr/25Ni steel) was used as a cladding material, allowing the operating
temperature to be elevated to 600 °C, providing improved thermal efficiency [*2. However, due to the
elevated neutron capture cross section of the austenitic stainless steel cladding, it was necessary for
greater fuel enrichment levels. Accordingly, AGR fuel is comprised of sintered UO: cylindrical pellets
(14.5 mm diameter) with enrichment levels varying between 2.8 — 3.8%; pellets are stacked into fuel
pins, which are arranged into elements of 1036 mm length and 264 mm diameter 57153, An AGR fuel
assembly is shown in Fig. 12. Neutron moderation in AGR reactors is achieved similar to Magnox, in
which a graphite sleeve is placed around the fuel assembly. Following discharge of spent fuel from the

reactor, AGR fuel is stored on site for around 180 d, prior to transport to Sellafield for storage at ThORP
[55],
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Fig. 11) Schematic overview of the AGR reactor design (adapted from [56])

18



Fig. 12) AGR fuel assembly 571

2.3.3 Nuclear Waste

Nuclear wastes are produced at each step of the fuel cycle, from uranium ore purification through to
fuel enrichment and spent fuel reprocessing. ‘Wastes’ are defined as materials contaminated with levels
of radionuclides higher than clearance levels (depending on the country of origin) and for which there
is no foreseen future use. Attitudes towards the safe and responsible management of nuclear wastes
changed dramatically over the latter half of the twentieth century. The lack of strategic and defined
management strategies for high level waste has resulted in many nations, including the U.K. and U.S.,
maintaining a legacy of damaged fuels and reprocessing wastes that have been left to degrade
considerably over time, resulting in extreme challenges in terms of site decommissioning. The
separation and accumulation of plutonium is also considered a significant threat with regards to
proliferation. Whilst a large proportion of domestic nuclear wastes produced contain low levels of
radioactivity and can be disposed of safely at near-surface storage facilities, high activity wastes (such
as those containing minor actinides and transuranic elements) must be conditioned in a suitable,
chemically durable wasteform such as cement, glass, or ceramic, such that the waste is isolated from
the biosphere and robust with regards to proliferation. This process of nuclear waste conditioning is
defined as waste immobilisation, in such that the waste is immobilised, mitigating the potential for

radionuclide migration.
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2.3.3.1 Generic Waste Classifications

Waste classifications vary in accordance with the stipulations of individual nations. For example, some
nations operate an open fuel cycle in which spent nuclear fuel is designated as waste and conditioned
for disposal. In the U.K. spent fuel is reprocessed in order to recycle useful components U and Pu, and
the reprocessing raffinate is designated as high level waste. Nevertheless, the axioms governing
general classification strategies are typically similar and are contingent on the activity and half-life of

the waste [°8l. This concept is highlighted in Fig 13. Activity specific classifications are as such:

VLLW: This material is of such low level of radioactivity that it may be disposed of in municipal landfill

subsequent to incineration. This material is predominantly derived from university and hospital wastes

LLW: Low level waste refers to material that has an activity level < 4 GBg/t of alpha activity and < 12
GBg/t beta/gamma. Although LLW and VLLW constitute approximately 90% of total nuclear waste

volume, compaction and subsequent incineration into landfill is often the preferred route of disposal.

ILW: Generally composed of lesser contaminated materials than HLW, such as cladding and sludge,
the heat generated by ILW does not have to be factored into the design of a final repository. There are
thus fewer constraints on the handling and disposal mechanism, yet it still accounts for around 4% of
total radioactivity of all wastes. Immobilisation by cementitious wasteform is typically employed for
materials meeting these criteria.

HLW: The activity of this waste can lead to considerable rises in temperature (power output > 2 KW/m3).
This must be considered when designing a suitable facility to permanently store the material, which
typically comprises of SNF and waste arising from reprocessing activities. The target wasteform for
materials of this classification is typically glass and ceramic matrices, as the high activity and heat

generation is often unsuited for cementitious containment.
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Fig. 13) Conceptual approach to nuclear waste classification, as outlined by the International Atomic

Energy Agency (IAEA), with general disposal routes indicated

20



2.3.3.2 Spent Nuclear Fuel

Over time, the composition of nuclear fuel under irradiation changes, due to accumulation of high yield
fission products, activation products and minor actinides. The burn-up properties of the fuel are altered
such that it becomes more economical to remove and replace the fuel assembly. At this point, the spent
fuel matrix is highly radioactive and produces a significant thermal heat output, so much so that removal
operations must be handled remotely. The SNF assemblies must be cooled such that the radiogenic
heat can be dissipated, and the radioactivity can decrease with time. Estimates place the dose rate
emitted from a BWR fuel assembly irradiated with a burn-up of 30,000 MWd/MT, at a distance of 1 m
from the fuel edge, at ~ 105 Sv/h 59, Even after a cooling period of 15 vy, a lethal dose of would be
received after several minutes of exposure, at a distance of 1 m. Accordingly, SNF is handled remotely
and stored in cooling ponds for between 5 — 10 y, at which point the decision may be taken to operate

an open or closed fuel cycle:

Open — The SNF matrix is considered the final wasteform and no attempt is made to recover
uranium/plutonium for further use. This approach is favoured in nations such as Sweden and the U.S.
1601 After a suitable cooling period, the spent fuel assemblies would be inserted into large copper casks
to provide an additional barrier. The metallic fuel cladding would also be considered to provide further

protection (€1,

Closed — The closed fuel cycle approach exploits the fact that much of the indigenous U content of the
fuel remains present (~ 95%) alongside an ingrowth of ~ 1% Pu. Accordingly, in a closed cycle, SNF is
cooled for a sufficient period prior to aqueous reprocessing, in order to co-extract and purify U/Pu for
fabrication of fresh fuel. This is the approach adopted in the U.K.; a simplified flowsheet for the receipt

and treatment of SNF at the Sellafield site is outlined in Fig. 14.
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Fig. 14) Flowsheet of fuel receipt, storage and treatment at Sellafield (reproduced from [61)
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The spent fuel matrix contains a wide distribution of elements, a large portion of which arise as a by-
product of the fission reaction, and neutron activation of material that does not undergo fission. Most
importantly, a significant fraction of the bulk uranium fuel remains present that may be purified, re-
enriched and reintegrated into the civil fuel cycle. At this point, the option to recover Pu for the fabrication
of weapons is also available. The exact composition of the SNF matrix is determined by the type of fuel,
operational parameters of the reactor i.e. burn-up and time elapsed between discharge and recovery,
although, it is accepted that the general composition of SNF is 94% U, 4 — 5% fission products (FP),
1% Pu and ~ 0.1% minor actinides (MA) 82, FP are produced arise from the fissioning of the fissile
portion of the fuel matrix, namely 2%°U and 23°Pu/?*'Pu, and encompass a large range of elements from
various families of the period table 3. The FP components of the SNF matrix contribute significantly to
the overall radioactivity and radiotoxicity output. Examples of short-lived FP isotopes include *¥Cs (tu2
= 30.2 y), 9Sr (ti2 = 28.8 y), 3°Kr (ti2 = 10.8 y), 1**Eu (tr2 = 8.6 y), *’Pm (tu2 = 2.6 y), whilst long-lived
radionuclides include '35Cs (t12 = 2.6 My), *?°l (ti2 = 15.7 My), 197Pd (t2 = 6.5 My) and *°Tc (t2 = 0.21
My) 84, The presence of MA species in the spent fuel matrix is mainly attributed to neutron capture of
238 and are typically a-emitters: *°Pu (tu2 = 21,400 y), 2*°Pu (tu2 = 6580 y), 2°’Np (tv2 = 1.2 My), 27Cm
(tz2 = 1.56 My) although some MA species such as ?*!Am (ti2 = 433 y) are also y-emitters ¥71. The SNF
matrix may also contain dilute quantities of activation products such as °Fe, 6°Co, *C, %Zr arising from

the transmutation of non-active species present in the fuel cladding and structural assembly materials
[63]
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Fig. 15) Microstructure of spent nuclear fuel [6%
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As mentioned, the spent fuel matrix may act as the final wasteform for disposal, after a suitable time
has elapsed for cooling, and allowing for a decrease in radiogenic heat output. During the operational
period, the microstructure of the fuel matrix is altered due to several processes: the steep thermal
gradient leading to cracking of fuel pellets; migration of fission products; grain growth; gas bubble
formation; the formation of metallic and oxide precipitates. These processes result in a heterogeneous
microstructure, a generic example of which is illustrated in Fig. 15 [¢%. A significant contribution to the
dispersion of fission products within the fuel matrix is the thermal gradient across the fuel pellets, which
may be as high as 1700 °C at the centre, and just ~ 400 °C at the rim. The migration of fission products
within the fuel matrix is largely controlled by temperature; at low operating temperature e.g. < 1000 °C,
the majority of fission products can be expected to remain in close vicinity of the recoil position, as the
diffusivity of these species through the UO2 matrix is low at these temperatures (~ 10 m?/s) 66,
Nevertheless, as the peak operating temperature is elevated in the temperature range 1000 °C — 1800
°C, the migration of FP is increased, resulting in accumulation in inter-granular pores and grain
boundaries. The distribution of fission products either as gas, oxide or metallic precipitates is
determined by the oxygen potential and fuel stoichiometry, whereby precipitates such as Rb and Nb
are present as oxides, whereas other species will be present as metallic precipitates (e.g. Pd, Ru) due
to greater oxygen potential than UO- 1671, These metallic precipitates are referred to as e-particles and
are typically < 1 ym in diameter. Coarsening of grain size and cracking of the fuel matrix is also common,
occurring as a result of the steep thermal gradient across the pellet surface, and low mechanical
strength of ceramic UO:z. Cracking is deleterious for the disposability of the SNF wasteform, as itinduces
radical migration of volatile fission products, resulting in accumulation at the fuel-cladding gap,
significantly elevating the available surface area of fission products that may be potentially exposed to
groundwater in the disposal environment (661 [671,

2.3.3.3 Aqueous Reprocessing

There is arguably an economic incentive to chemically separate and recycle the energy-rich
constituents of spent nuclear fuel, by further exploitation of the fissile component, thus reducing the
volume footprint for geological disposal, increasing the overall efficiency of the fuel cycle. The
fundamental objective of fuel reprocessing is to reclaim unused 235U for the fabrication of fresh ceramic
UO: fuel, separate useful 2*°Pu, and condition highly radiotoxic fission products within a stable matrix
prior to eventual disposal. At a broad level, reprocessing is achieved either through aqueous
reprocessing or pyroprocessing, though the latter will not be discussed here. Aqueous reprocessing is
achieved through a series of solvent extraction processes, by which a steam of concentrated U and Pu
is removed from the bulk matrix by dissolution, leaving a highly acidic solution, host to transuranic
species (TRU), fission products, processing impurities, entrained cladding elements and potentially
residual U/Pu 681, This solution, referred to as High Level Liquid Waste (HLLW) or Highly Active Liquor
(HAL), is then concentrated by evaporation and stored prior to immobilisation into a stable wasteform

via vitrification.
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2.3.3.4 PUREX

The PUREX process is the most mature separations technology currently applied to the fuel cycle. The
general flow scheme for PUREX-based reprocessing involves the dismantling of fuel assemblies and
removal of cladding material; dissolution of fuel material in concentrated nitric acid solution; solvent
extraction, and subsequent purification, of U and Pu; conversion of U and Pu to oxides. The dismantling
of the fuel assembly, shearing of cladding material, size reduction (or ‘chopping’) of fuel pellets,
dissolution and feed preparation are referred to as the ‘head-end’ steps, and occur before the solvent
extraction process. The removal of the cladding material is necessary to expose the ceramic fuel to the
agueous solvent, and the sheared material is separated as solid waste, to ensure the minimisation of
the produced HLLW. The chopped fuel pieces must be separated from cladding swarf, alongside other
structural artefacts such as pins and spacers, this is typically achieved through placing the hardware in
perforated baskets (this arrangement is employed at the ThORP plant) whilst the UP2 and UP3 facilities
at La Hague utilise a continuous wheel-dissolver that rotates through the nitric acid solution 9, Once
isolated, the fuel matrix is dissolved by extended contact with a hot solution of 3 — 6M HNOs (at this
point, this solution is referred to as the aqueous phase). During the dissolution stage, a gaseous effluent
is produced, with isotopes of concern 3H and K, alongside other noble gases. Currently, treatments
for ®H involve percolation through water to produce tritiated water, allowing the remainder to exit as
tritiated steam; *?°l is captured through the use of zeolites and AgNOs salt; high efficiency filters
successfully retain > 99.9% airborne particulate matter; the remainder of the off-gas stream is
sufficiently diluted such that the radiological impact on the environment is negligible, whilst continuously
monitored [¥7). Oxygen may also be introduced to the dissolver to allow recovery of nitrogen oxides that
are liberated 311, At this point, the feed solution may be adjusted prior to the solvent extraction process,
for example the feed may be clarified to avoid plugging and emulsification in the subsequent extraction
operations 68, In the aqueous phase, the plutonium and uranium oxidation states are maintained as
Pu* and U, as these are their respective extractable valence configurations. Pu** does not co-extract
to the organic phase, hence to ensure it is mainly present as Pu**, NaNO2 may be added. The choice
of extractant and diluent molecules comprising the organic phase in all reprocessing operations is
contingent on chemical, thermal and radiation stability; for commercial PUREX operations the organic
phase is comprised of a 20 — 40% vol. tributyl-phosphate diluted in inert kerosene ™. The organic
phase is introduced into the extraction column and the two phases are contacted and mechanically
agitated to form an emulsion; U%* and Pu** are extracted to the organic phase via formation of covalent
bonds to TBP to form complexes (these reactions at equilibrium are given in Eq. 8 and Eq. 9) leaving
the majority (> 99%) remaining FP and MA in the aqueous nitrate solution referred to as the raffinate.
The raffinate is separated from the solvent extraction column and evaporated prior to storage and

vitrification.

UO* + 2NO; + 2TBP — UO»(NOs), - 2TBP Equation (8)

Pu** + 4NO; + 2TBP < Pux(NOs)s-2TBP Equation (9)
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The U/Pu extracted in the first cycle is then washed in another nitric acid scrub (2M HNQO3s) in order to
remove entrained FP that may have been co-extracted into the loaded U/Pu phase; this solution is then
fed back into the solvent extraction column 9, The organic solution then enters the partitioning stage
in which U and Pu are separated and purified. The separation of Pu** is achieved by backwashing the
solution in a reductant species to promote reduction to Pu®*, typically U** nitrate or Fe?* sulfamate,
leaving U®* and some U** left in the solution 4. The U solvent is the contacted with dilute HNOs and

purified. The plutonium nitrate and uranyl nitrate solutions are stored, prior to conversion to oxides (68,
2.3.3.5 Vitrification of HLW

The conditioning of HLW raffinate in a vitrified product is the international standard treatment, with large
scale vitrification plants operated in countries such as France, Germany, Japan, Russia, U.S. and U.K.;
the choice of base glass used in each instance is compositionally varied to suit the feed characteristics
of the respective waste streams, which in turn is determined by the operational parameters of the
reactor fleet and separation conditions /Y. Glass is an attractive wasteform for complex wastes, such
as HLW, due to the ability of the glass network to immobilise a wide variety of radionuclide species,
with relatively little overall change to the durability or mechanical properties, thus allowing for
considerable variations in feedstock chemistry [’?. In the U.K., three vitrification lines are in operation
at the Sellafield Waste Vitrification Plant (WVP); Sellafield also operates the Vitrification Test Rig (VTR),
an inactive full-scale replica of the WVP, constructed for the improvement of the vitrification campaign,
with the specific aim to optimise glass composition, improve chemical durability and maximise
wasteloading ["®l. The formulated glass precursor used at the WVP is referred to as the ‘MW’ (Mixture-
Windscale) glass, the approximate composition of which is listed in Table 4. There exists variations of
the MW composition, such as the ‘MW-1/2Li’ glass, in which approximately half of the lithia is removed
from the base glass and added to the HLW stream, in order to improve the reactivity of the calcine [74.
Other glass formulations such as the Cazn MW28 glass are also utilised at the WVP with additions of

CaO/Zn0, promoting enhanced aqueous durability during initial stage dissolution 7% [76],

Table 4) Specification of MW and MW-1/2Li base glass (data from [74])

Composition Quantity (wt. %)
MW MW-1/2Li

SiO2 61.75 63.42
B20s 21.88 22.50
Na20 11.05 11.35
Li2O 5.33 2.74

The WVP design is largely based on the two stage AVH (Atelier de Vitrification Le Hague, France)
design. A schematic illustration of the vitrification of HLW is provided in Fig. 16. During the feed control
step, the highly active reprocessing liquor (e.g. Magnox raffinate) containing fission products, minor
actinides and entrained U/Pu, fuel additives etc. is combined with calcination additives. As mentioned,

lithium nitrate is added to improve the reactivity of the calcine and suppress the formation of refractory

25



oxides. A sucrose solution may also be added to the calciner to act as a reducing agent, suppressing
Ru volatilisation [/, The feed is discharged into the rotary calciner (4 m x 300 mm) inclined 2% to the
horizontal, rotating between 20 — 30 rpm, inside an electrically heated furnace, set between 600 and
840 °C ", This process acts to dry and de-nitrate the HAL waste to an oxide calcine, prior to addition
of glass forming additives. There are three distinct products that may be produced by this process,
determined by the composition of the HAL feed: Magnox reprocessing waste; AGR/LWR reprocessing
waste; blended Magnox and AGR/LWR waste, in the ratio 25:75 [8l, It should be noted that the
AGR/LWR oxide calcine may necessitate the addition of Al to provide a durability comparable to that of
Magnox and blend product. The mixed calcine and frit are melted to a temperature of ~ 1050 °C, and
poured through an induction heated freeze valve to 309 stainless steel vessel, with a volume of 169 L
capable of accommodating ~ 400 kg of vitrified product 4. An image of the WVP waste container is
displayed in Fig. 17.
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Fig. 16) Overview of the vitrification process for HLW (adapted from [74])

26



Fig. 17) Vitrified product container [
2.4 U.K. Radioactive Waste Inventory
2.4.1 Waste Volume

The 2019 Radioactive Waste Inventory, prepared for the Department for Business, Energy and
Industrial Strategy (BEIS) by NDA, collates a detailed report of radioactive waste volumes, activity,
compositions, treatment and packaging, planned disposal routes and forecasts of future arisings. The
total reported volume of U.K. radioactive waste as of 2019 is summarised in Fig. 18. VLLW waste
contributes to the vast majority of waste volume. The volume of HLW is significantly lower than ILW and
LLW (1,390 m®, compared to 247,000 m® and 1,480,000 m?, respectively), with a total mass of 3,200

kg.

32.4%
5.4%

N

[v]
<0.1% ® HLW 1,390 m?

ILW 247,000 m?
B LW 1,480,000 m*
VLLW 2,830,000 m®
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62.1%

Fig. 18) Total reported volume of U.K. radioactive wastes (as of 01/04/2019) [?
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2.4.2 Waste Activity

The radioactive output associated with LLW and VLLW is drastically lower than HLW and ILW. The
activity distribution as of 2019 between waste categories is summarised in Fig. 19. The estimated
activity of HLW and ILW stocks are 80,000,000 TBg and 4,100,000 TBq, respectively. This is
dramatically higher than LLW and VLLW, which contribute 32 TBqg and 0.09 TBq, respectively. As such,
LLW and VLLW may be super-compacted and disposed at near surface disposal facilities such as the
Dounreay LLW facility. Currently, there is no existing facility that may accept higher activity wastes for
disposal. Inthe U.K. it is envisaged that HLW and ILW will be permanently placed in geological disposal,
after a sufficient cooling period. Including estimates for material arising due to new nuclear power
stations in the U.K., it is predicted that the total radioactivity of all U.K. radioactive waste will decrease
from 84,000,000 TBq to 1,900,000 TBq by the year 2200.

<0.1% 95.1 %

<0.1 %

4.9 % \

® HLW 80,000,000 TBq
ILW 4,100,000 TBq
W LLW 32 TBq

VLLW 0.09 TBq

Total radioactivity = 84,000,000 TBq

Fig. 19) Radioactivity contributions of individual U.K. waste categories (as of 01/04/2019) [
2.5 Geological Disposal Concept

The most robust concept for the permanent disposition of high level nuclear waste (either conditioned
in glass/ceramic matrices, or with the spent fuel itself acting as the host matrix) is deep geological
disposal %, This method is widely considered the only option with sufficient technical maturity for
implementation. The placement of waste deep underground in an engineered facility will ensure
isolation from the biosphere, such that radionuclide release to the near field environment, and
subsequent migration to the surface, will occur over geological timescales. Moreover, the expected
lifetime of the facility would be engineered such that the activity of the radionuclides that reach the
surface is comparable to the natural background radiation levels emitted by natural uranium ores, this

concept is illustrated in Fig. 20.
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Fig. 20) lllustration of timescales necessary for geological disposal (adapted from [&1)

It should be noted that there does not exist a standardised method of geological disposal or generic
repository design, as this is fundamentally controlled by host geology; all nations aiming to construct a
GDF play host to a rich variety of geological landscapes, hence each GDF design will be indigenous to
the nation. Over the timescales necessary for the activity to decrease to the background level the
nuclear wasteform itself will inevitably undergo degradation due to the heat output and self-irradiation
from the radioactive inventory, hence a secondary barrier may be present to retard the migration of
radionuclides. This may be further supported by a series of subsequent material barriers, with the view
to ensure the release of radioactive material is achieved in a slow manner. This is referred to as the

engineered barrier system (EBS), or colloquially as the ‘Russian doll’ approach (Fig. 21).
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Fig. 21) Engineered multibarrier system for geological disposal of nuclear wastes

Wasteform: The wasteform itself acts as the primary containment matrix for the radioactive waste
stream. Wasteform selection is contingent on the physical and chemical properties of the waste stream
and is tailored accordingly. However, the wasteform will likely be comprised of a vitreous material (for
HLLW waste stream from reprocessing operations) or a ceramic/glass-ceramic material for inventories
with a high actinide fraction, such as plutonium contaminated material (PCM). At a broad level, the
wasteform will incorporate the constituents of the waste at the atomic level within a highly durable
matrix, providing a leach resistant barrier to the near field. This does not, however, apply to cementitious
wasteforms, for which the waste is encapsulated in the cement matrix at the macroscopic scale. The
wasteform must also be able to co-immobilise a sufficient concentration of a suitable additive (e.g. Gd,
Hf) to act as a neutron poison, and thus mitigate the possibility of a criticality event in the near-field

environment, post closure.
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