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Executive Summary

The initial state-of-the-art (SOTA) report aims to compile existing knowledge and, specifically, to identify
knowledge gaps that frame the objectives of the SAREC work package (WP). This document will be
updated at the final stage of the EURAD-2 project, integrating key findings from SAREC WPS8, relevant
insights from other work packages, and recommendations for future research.

The primary goal of the research planned in SAREC WP8 is to generate data that enables a re-
evaluation of current approaches to the release of safety-relevant radionuclides in post-closure safety
assessments. This will help determine which existing approaches may be overly conservative and which
need adjustments to better represent expected radionuclide release under deep geological repository
(DGR) conditions.

The current SOTA report is structured according to the SAREC research areas and provides the
foundational knowledge that underpins the experimental and modeling work undertaken in the project.
Specifically, the report examines:

i) the relations between fission gas release (FGR), instant release fraction (IRF), and matrix dissolution
during Spent Nuclear Fuel (SNF) leaching, ii) the radionuclide contributions from microstructural
features, specifically, radionuclide release mechanisms originating from open grain boundaries, closed
porosity, and rim grains, iii) the key govering processes the SNF dissolution through examining the
outcome from unirradiated model materials (doped UO3), iv) the modeling approaches—ranging in
complexity and process simplification—have been developed to simulate SNF behavior over time.

By addressing these research challenges, this report lays the foundation for advancing the scientific
understanding of SNF dissolution and improving the reliability of predictive models for long-term safety
assessments in deep geological disposal environments. Additionally, it identifies knowledge gaps and
the motivation for the current project, ensuring that SAREC research efforts are well-targeted and
impactful.
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1. Introduction

For a number of countries, spent nuclear fuel (SNF) is considered the ultimate waste form for geological
disposal. Therefore, the physical and chemical characteristics and leaching behaviour of SNF need to
be known, to help describe how radionuclide release will occur in a repository environment. The main
goal of the research that has been performed in this field is to support the safety case for geological
repositories and the data needs of their safety assessments. Storage and handling before final disposal
must be considered as these predisposal steps may affect some important fuel characteristics. The
current report is concerned with the processes involved in radionuclide release from the SNF under final
disposal conditions (excluding the metallic structural materials).

1.1 Spent Nuclear Fuel —an overview

A detailed summary of the physical characteristics of nuclear fuel, and what controls radionuclide
formation and distribution in SNF, is given by Spahiu (2021) in his report on the State-of-Knowledge in
the Spent Nuclear Fuel Domain. In the current report, an overview is provided to serve as an introduction
to the issues that are relevant to radionuclide release from SNF.

The types of nuclear fuel that are used today are mainly designed for use in Light Water Reactors (LWR),
which include Boiling Water Reactors (BWR) and Pressurized Water Reactors (PWR). These fuels
consist of long stacks of cylindrical UO: pellets inside a fuel cladding made of a corrosion resistant alloy,
almost exclusively based on Zr. The pellets may also be made up of a mix of UO2 and PuO2, called
MOX. The number of rods in each fuel assembly vary depending on reactor type. A BWR fuel assembly
will normally have between 64 and 100 rods, while a PWR assembly will have between 225 and 289
rods. The rods are arranged in grids, normally in an assembly with a square cross section (Figure 1.1)
There are some variations, with respect to these configurations, such as in the case of the water-water
energetic reactors (VVER), a form of PWR reactors for which the fuel assembly has a hexagonal cross
section. Some fuel assemblies, such as the ones for the Canada Deuterium Uranium (CANDU) reactor
(a type of Pressurized Heavy Water Reactor, PHWR) and the Advanced Gas-cooled Reactors (AGR),
which use UO: fuel and CO:2 gas as coolant, have a circular cross section. Notably the pellets in the
AGR design are hollow, to allow gas circulation. In addition, there are some novel fuel types under
development for research reactors or new types of reactors, such as TRISO. The majority of the current
SNF inventory is however in the form of UO2-based fuel rods, and this is what the current report is
focused on.

Figure 1.1. Left: Part of a BWR nuclear fuel assembly: Svea-96 Optima3 by Westinghouse.

From https://info.westinghousenuclear.com/blog/svea-96-optima3 Right: Fresh UO; fuel pellets. From
https://www.nrc.gov/reading-rm/basic-ref/glossary/pellet-fuel.html
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In LWRs the U has to be enriched in the fissile isotope U-235, or, for MOX, the fissile isotope Pu-239.
A higher enrichment allows for more fission from the fuel, allowing longer use (burnup) and more energy
from each fuel assembly before it is considered spent. The trend over time has been to increase the
enrichment. Commonly in LWRs the enrichment is limited to ca 5% U-235. The burnup, measured in
the unit MWd/kgU, has also increased to values just below 60 MWd/kgU. A fuel with burnup higher than
ca 45 MWd/kgU is considered a high burnup fuel. With regards to enrichment and burnup, it should be
noted here that the PHWR nuclear fuels, such as the CANDU fuels, do not use enriched U but rather
natural uranium and therefore spent PHWR fuels have a much lower burnup than spent LWR fuels.

During reactor operation, radionuclides are formed via fission and neutron activation in the fuel pellets,
and by neutron activation in the fuel assembly construction materials. There will normally also be some
corrosion products that have deposited on the fuel rods, called crud, that also contain radionuclides.
Fission produces a range of fission products. Most of the fission products formed will have atomic
weights around 90 and 140 (Figure 2 in Spahiu 2021).

Some fission products are naturally volatile (e.g. Xe and I), while some are volatile at high temperature
(e.g. Cs). It follows that temperature is important for the characteristics of the spent fuel. One way to
estimate the temperature reached in the fuel during reactor operation is via the linear power rating, or
Linear Heat Generation Rate (LHGR), measured in W/cm. Commonly for spent LWR fuels is a linear
power of 15-25 kW/m, meaning ca 800°C to 1200 °C. The higher temperatures reached in a fuel rod
that has experienced a high linear power rating influence the diffusion of fission products fission, in
particular the fission gases (Xe, Kr) but also some volatile fission products (I, Cs). This is further
discussed in section 2.1.

The operational conditions not only affect the nuclide inventory but also the fuel pellet microstructure so
that the fuel pellet cracks (Figure 1.2) and swells and the fission products segregate to form aggregates
of in various sizes. At high burnup the rim of the pellet recrystallizes to form a fine-grained structure
called the High Burnup Structure (HBS). A good review of the HBS formation and structure is provided
by Rondinella and Wiss (2010). At very high temperatures, a more pervasive recrystallization can occur,
forming a central void and columnar crystals (Parrish and Aitkaliyeva 2018). However, most of the pellet
normally retains the original grain size, typically ca 10 pm, and the fission products are either found
inside the grains in the UO: lattice or as small inclusions, or along grain boundaries, or in cracks and in
the gap between the pellet and cladding. At high burnup, the swelling and recrystallization at the rim of
the pellet can cause Pellet-Cladding Interaction (PCI) and the gap can more or less disappear, as the
Zr-based cladding bonds to the pellet (Nogita and Une 1997).

Whether the fission products segregate or not from the UO:2 matrix depends on their chemical
characteristics as described by Spahiu (2021). In general, four groups of fission products are identified
(Kleykamp 1985):

1. Volatile and gaseous fission products: Kr, Xe, Br, I; (Cs, Rb, Te).

2. Fission products forming metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Se, Te.

3. Fission products forming oxide precipitates: Rb, Cs, Ba, Zr, Nb, Mo, Se, Te.

4. Fission products dissolved as oxides in the UO2 matrix: Sr, Zr, Nb, Y, La, Ce, Pr, Nd, Pm, Sm, Eu
and the actinides.
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Figure 1.2. Left: Radial micrograph (Light Optical Microscopy) of a used PWR fuel with rod average
burnup 43 MWd/kgU (scale bar is 1 mm). Copyright: SKB. Right: Grain surfaces in an irradiated MOX
fuel. Metallic fission product precipitates are observed as round spots. From CEA (2009).

If water contacts the SNF pellet, radionuclide release will be initiated. The release rates will be different
depending on where in the spent fuel structure the radionuclides are located, as well as the chemical
conditions and the pellet microstructure. For safety assessments, it is important to quantify the fraction
of the radionuclide inventory that will be rapidly released, and to calculate a release rate for the
radionuclides located within the grains of the fuel matrix. The current report aims to summarize the state-
of-the art with regards to these aspects. As mentioned above, the volatile and gaseous fission products
have a strong tendency to migrate in the pellet due to the thermal gradient during reactor operation.
Thus, a certain fraction of these will separate from the UO2 matrix and be found in the cracks and gap
between the pellets and the cladding. The amount of fission gases that have escaped to the gap and
plenum can be measured during post-irradiation examinations by puncturing the fuel cladding and
measuring the amount of gas released. This is called the Fission Gas Release (FGR), an important
parameter related to the research concerning radionuclide release from SNF. This is further discussed
in section 1.2.

1.2 Scope

The aim of the research planned in the EURAD-2 work package SAREC (WP8) is to provide data that
allows re-evaluation of the current approaches to the study of the release of safety relevant radionuclides
in post closure safety assessments. This will clarify what approaches are overly pessimistic and what
approaches need to be adjusted to better represent expected radionuclide release in the repository
environment. The work performed in WP8 starts off using the State of Knowledge in the Spent Nuclear
Fuel domain as described by Spahiu (2021) as a stepping stone. The research is planned based on
identified knowledge gaps, results and experiences of previous collaborative EU-projects, mainly the
FIRST-Nuclides, DisCo and REDUPP projects (Kienzler et al. 2014, Evins et al. 2014, Evins et al. 2021).

1.3 Structure of the report

The aim of this report is to summarise the state of the art at the start of EURAD-2 WP8 SAREC,
specifically in the areas of concern for the following objectives:
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. Improving quantification and mechanistic understanding of the release of safety relevant
radionuclides during leaching, covering most representative types of SNF. In particular, the
relationship between FGR, Instant Release Fraction (IRF) and matrix dissolution (Chapter
2).

. To discriminate radionuclide contributions from open grain boundaries, closed porosity and
rim grains during alteration, secondary phase formation during leaching/dissolution of SNF
under conditions relevant for deep geological disposal (Chapter 3).

. Quantifying and understanding the mechanisms of specific processes governing matrix
dissolution and those related to the release of safety relevant radionuclides during SNF
dissolution, e.g. the effect of surface area, the fission products and noble metal particles,
the pellet-cladding interaction (PCI), secondary phase formation and water radiolysis
(Chapter 4).

o Improving and developing mechanistic models related to the release of safety relevant
radionuclides from SNF, to include for example: i) to account for the release of matrix, grain
boundary and gap (at scale of SNF pellet); ii) to integrate the effect of different amount of
epsilon particles on the release of AP, FP and matrix dissolution; iii) interpretation or
transposition at the DGR scale: which process(es) prevail in the different phases expected
in repository conditions (e. g. Fe/H: effect) (Chapter 5).

2. Release of radionuclides during leaching of SNF

2.1 Instant release

Some radionuclides in the SNF structure, described in section 1, are more accessible and loosely bound
and thus more easily leached than others, resulting in a rapid release when water contacts the SNF.
This fraction of the radionuclide inventory is called the “Instant Release Fraction” (IRF) since the release
is modelled as instantaneous in the radionuclide transport calculations. In reality, the release normally
occurs over a few months up to a year (Kienzler et al., 2014). This is however more or less instantaneous
in the time perspective of deep geological repositories, the releases from which are analysed for many
thousands of years. Therefore, the focus IRF leaching studies has historically mainly been to quantify
how large this fraction is for the different radionuclides involved, rather than to try to determine the
release rate and what controls it.

Spahiu (2021) provides a summary of the state of knowledge in this area of research. As described
there, the IRF is defined as the fraction of radionuclides that is released faster than the spent fuel matrix.
Therefore, this fraction can be located in both the gap, the grain boundaries and cracks. Generally, the
following radionuclides are included in the IRF (SKB 2022):

C-14, CI-36, Se-79, Sr-90, Tc-99, Pd-107, Sn-126, 1-129, Cs-137, Cs-135

There is a consensus that the FGR, meaning the fission gases (Xe, Kr) released to the gap between the
fuel pellet and the cladding and the plenum, can be used to quantify the IRF for radionuclides that are
gaseous during the reactor operating temperatures (Spahiu 2021). Of the fission products, these are
mainly 1-129 and the Cs isotopes. For Se-79, some correlation to FGR is assumed but it less clearly
understood; data from the FIRST-Nuclides project indicate that Se is mainly chemically incorporated in
the SNF matrix (Curti et al. 2015), which can explain the experimentally determined very low fractional
release of Se (Johnson et al. 2012). A correlation to FGR is also used for the activation product CI-36
since it is expected to diffuse rapidly at higher temperatures. For the other radionuclides in the list,
experimental leaching data are used to quantify the IRF (SKB 2022). Spahiu (2021) also discusses
ASIED (Alpha Self-Irradiation Enhanced Diffusion), and the question of the pellet rim inventory; the
conclusion from previous projects is that neither ASIED nor the rim inventory need to be taken into
account when quantifying the IRF.
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This section is focused on the IRF of | and Cs, and how well this can be determined by knowledge of
the FGR. The relation between IRF, FGR, burnup and linear power rating is central to these studies. In
his summary of the results from the EC-project FIRST- Nuclides, Spahiu (2021) describes how IRF of |
and Cs was investigated as a function of burnup and linear power rating: at high linear power ratings,
above 25 kW/m, correlation between IRF (Cs and 1) and linear power rating is stronger than the
correlation between IRF (Cs and ) and fuel burnup. The results from FIRST-Nuclides, summarised by
Lemmens et al. (2017) show overall a large scatter in the data for | (Figure 2.1).
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Figure 2.1. Cumulative IRF of iodine vs FGR. (Lemmens et al. 2017). Left: BWR fuels, Right: PWR fuels
including MOX. S = Segment, OS = Open Segment, F= Fragments. Dashed lines indicate IRF deviations
of £50% from the ideal slope 1/1 (solid line).

Up to now, only a few IRF-focused studies have adjusted the leaching environment to mimic the reducing
repository conditions expected. The reason for this is mainly practical: for simply quantifying the fraction
of rapidly released radionuclides, there is no need to study the mechanism or rate of release. In addition,
experiments in contact with air are normally more easily conducted than experiments with controlled
atmosphere. Thus, most IRF studies have been carried out in presence of air (Spahiu 2021), with no
attempts to analyse gaseous release during leaching. A notable difference is the experiments performed
by KIT-INE (Gonzalez-Robles et al. 2016) in the FIRST-Nuclides project, in which the IRF was studied
in an autoclave with reducing gas phase (Ar + Hz), and gas release from the SNF sample was monitored.
The observed surprisingly large fraction of the fission gases released during leaching (15-25%) triggered
further questions. The following conclusions were made in the FIRST-Nuclides project: “The existence
of a continuous fission gas release mechanism and parallel iodine release mechanism during the
leaching was demonstrated, but it is not yet clear to which extent this process is influenced by the fuel
production process, fuel properties, sample preparations or leach conditions” (Lemmens et al. 2017). It
was however pointed out by Lemmens et al. (2017) that the fuel used by Gonzales-Robles et al. (2016)
had a high FGR upon puncturing (ca 8%) and that sample preparation or fuel fabrication method
(NIKUSI), might have influenced the fission product release. Fission gas release during leaching has
also been shown to be high (28%) for a very high burnup fuel (Puranen et al 2022), but quite modest
(indicated ~1-1.5%) for another fuel with high burnup (Puranen et al 2018), strengthening the case for
further investigation of this issue.

The results from FIRST-Nuclides (Figure 2.1), and especially the study of Gonzales-Robles et al. (2016),
triggered concerns about the simplified approach of equating the FGR, as measured when the cladding
is punctured, and IRF. Other questions that arise from studying IRF under reducing conditions are
related to leaching mechanisms of grain boundaries and the release of radionuclides residing there. For
example, the concentrations of isotopes typical for metallic particles (Tc, Mo Ru, Rh, Pd), often found in
grain boundaries, are very low during these conditions (Spahiu, 2021). This likely means that the
measured released fraction is less than the fraction segregated from the UO2 matrix, and thus illustrates
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one issue arising from using the simple definition of IRF as the fraction of the radionuclides segregated
from the matrix.

Another aspect of the IRF studies are the leaching conditions, in particular water composition. Some
results connected to the DisCo project (Evins et al. 2021) that were recently published (Iglesias et al.
2023) show that IRF of Cs in aerated conditions differs depending on the expected repository
environment. Iglesias et al. (2023) observed that IRF of Cs is higher in water characteristic of cement-
based repository, compared to the simpler water composition used to mimic repository environments in
granitic bedrock.

As mentioned above, the modelling approach in safety assessments is generally to use the known
(measured and/or calculated) FGR from reactor operation, i.e. the gas that has been accumulated in
the gap and other voids and easily accessed areas of the spent fuel rod, to determine the IRF for | and
Cs. Even though many experiments show that the IRF of Cs is more the 1/3 of the FGR, the pessimistic
approach is to use a 1:1 correlation for both I and Cs (e.g. SKB, 2022). Alternatives to this simplistic
modelling approach has been suggested (see for example Espriu-Gascon et al.., 2020) and some efforts
were made in the FIRST-Nuclides project (Kienzler et al. 2014) to improve our understanding of the
details of radionuclide mobilisation along the grain boundaries, including the penetration of water into
the fuel sample.

The SERNIM model developed by Espriu-Gascon et al. (2020; see section 5.1) used data from the core
of a spent BWR fuel experiment (Martinez-Torrents et al. 2017) performed in oxidizing conditions. The
rod average burnup and FGR of the fuel used is fairly standard: 42 MWd/kgU, and FGR ca 2.3%. The
linear power rate is perhaps on the high side for the BWR with this burnup: 217 W/cm, and, most notable,
the sample from the core is in powder form. The sample preparation can have a large influence on the
radionuclide release pattern. For the “core” experiment of Martinez-Torrents et al. (2017), this is shown
by a Cs fractional release reaching 5% after only 30 days, while the segment sample (with cladding still
attached) show less than 0.3% Cs released in 190 days.

The effect of sample type was investigated by Roth et al. (2019) who present data indicating that using
rod segments, with cladding still attached, could cause variable release over time depending on water
access into the gap. As leaching progresses, new pathways can open up and cause sudden leaps in |
and Cs release. Roth et al. (2019) also note that when the fuel sample is milled to a powder, not only
the grain boundaries but also the interior of the grains are exposed, thus yielding data representing a
mix of IRF and fuel matrix leaching. A similar observation was made by Barreiro Fidalgo et al. (2021),
albeit the fine fragmentation of the fuel was not intended, but related to the sample chosen, sample
preparation and, potentially, fuel type; see discussion in section 3.

2.2 Matrix release

The main fraction of the radionuclide inventory resides in the SNF matrix. The rate with which this
fraction will be released, once water has contacted the fuel in the repository, is central to most safety
assessments. Spahiu (2021) describes the current knowledge concerning matrix dissolution in the
presence of air as well as in repository-like conditions. The most important aspect of the SNF matrix
dissolution is the U redox sensitivity, and the much higher solubility of U(VI) compared to U(IV). As
radiolysis produces oxidants the oxidation of U can happen even in anoxic environments (e.g.
experiments with Ar in the gas phase). This is further discussed in section 2.2.1. If H2(g) is present, in a
closed environment, experiments show that the oxidation of U is efficiently inhibited (Spahiu 2021), see
section 2.2.2. Additional questions concerning how fuel characteristics may affect the matrix dissolution
are discussed in section 2.2.3
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2.2.1 Radiolysis and oxidation

As described by Spahiu (2021), the radiation from spent fuel is complex, consisting of a, 3, and y
radiation. This means water surrounding the fuel will be affected by radiolysis, and produce very reactive
radicals (OH-, H-, OOH-, eaq’) and molecules (H20z, Hz, O2). The low reactivity of Hz leads to oxidizing
conditions at and near the fuel surface. Since radiolysis of water has been well studied over the years,
this will not be described in detail here. The reader is referred to Spahiu (2021) and references therein.
It will suffice to say that for repository conditions, it is mainly the alpha radiolysis at the spent fuel surface
that will be of importance. The oxidants produced near the surface oxidize UO2 and thus changes the
solubility of U which is then released into solution.

SNF leaching studies have been performed since the 1970s. At that time, the leaching studies were
mainly performed in contact with air. A description of these studies is given by Spahiu (2021). To
summarize, the studies showed 1) the clear oxidation of U due to the oxidizing conditions in the
experiment 2) difficulties determine the specific surface area of SNF 3) SNFdissolution rates were
estimated using Fraction of Inventory in the Aqueous Phase (FIAP) for radionuclides contained in the
fuel. This FIAP parameter is most valuable for radionuclides that do not reach the solubility limit with
regards to a solid phase in the experiments. For U, in some of the longer running air-saturated
experiments, the solubility limit for some U(VI) phases were reached and therefore, the U concentration
is reported rather than FIAP. The FIAP of Sr was used to estimate a fractional rate of ~10-7 d-* under
oxidizing conditions (Forsyth 1997, Grambow et al. 2000). The results of Forsyth (1997) are given in
Figure 2.2. This translates to ~10°yr1,

The processes involved in the oxidative dissolution of spent fuel have been studied for as long as spent
fuel experiments have been performed, since it is at the core of understanding what controls the spent
fuel dissolution rate. SNF is a complex material that contains a multitude of elements; to better
understand the oxidative dissolution of UO2 matrix, simpler experimental systems were set up. These
experiments involved either pure UO2, or UO2 with various additives; the most complex material being
SIMFUEL containing 11 oxides mimicking fission products (Lucuta et al.. 1991). To study the effects of
radiation, either the experiments were irradiated with a gamma source, or the material itself was doped
with alpha-emitting isotopes. For alpha radiolysis, it was shown in the 1980s, based on results from
electrochemical experiments, that the main oxidant responsible for U oxidation is H202 (Spahiu 2021).
Later experiments and simulations have also supported this conclusion (Ekeroth et al. 2006). Therefore,
experiments are also conducted to investigate directly the effects of H202 on the UO2 matrix.

Sr: GW-OX
1,0E-03 r
o270
a-30,1 |
4327
349 |
~ . 40,1
1,OE-04 |- T
z; a—438 |
ol 458
«
o »— 46,5
5 ! a & :;:
- : " > & %4,
= 1,0E05 = =8 = '
= 2 A
;: A
Z. \
= \
: '
o~ e
& 1,0E-06 " 5 AQ,LA;‘ &
3 = .. *gi
=
E g g
z 3
1,0E-07 4
1 10 100 1000 10000
[ CONTACT TIME (d)
r |
e U Dissemination level: PU
L

4 Date of issue of this report: 26/03/2025 Page 15

uropean Partnership
on Radioactive Waste Management



EURAD-2 Deliverable 8.1 — Initial State-of-the-Art report

Figure 2.2. Fractional release rates based on Sr release in oxidizing conditions from SNF of various
burnups. GW-OX: Groundwater-Oxidizing conditions. From Forsyth (1997).

Spahiu (2021) describes various experiments performed to provide parameters that can be used for
modelling, for example, rate constants for the reactions involved. One main issue in this area is to find
(or determine) rate constants that are valid for a heterogeneous system, i.e. for reactions that involve
the interface between a solid and a liquid. A number of experiments by Jonsson and co-authors,
performed to investigate the kinetics of the various reaction involved in the oxidative dissolution of UO2
are described by Spahiu (2021). The main processes concern the reactivity of H202 towards the UO:
surface and the two main reaction pathways: either the H202 directly oxidizes U, or the H20: is
catalytically decomposed. A suggested mechanism involves surface bound hydroxyl radicals and
surface sites on UO:2 (Barreiro Fidalgo et al. 2018), as is described in reactions 1-4.

H202 + UO2 -site — 20H - (ags) Q)
OH -(ads) — OH™+ U(V)O2 )
H202 + OH -(ags) — HO2 + H20 + UO2 —site 3)
HO2 + HO2 — H202 + O2 (4)

This mechanism, involving surface-sites on UOz2, can help explain the lower surface reactivity at high
initial [H202] as observed by Barreiro Fidalgo et al. (2018). In the absence of radical scavengers, the
hydroxyl radical can be expected to oxidize U.

Other results relevant to heterogeneous reactions are described by Jonsson (2023), who lists reactions
and rate constants that can be used for modelling radiation induced dissolution of SNF (see section 5).
These include the reactions catalysed by metallic particles, such as oxidation of UO2 by H202 and O,
catalytic decomposition of H202, recombination of H.02 and H: to form water, as well as reduction of
UO22* (aq) and U(VI)Ozsurm by Hz. Other reactions, not requiring the metallic particles for catalysis, are
oxidation of UO2 by Oz, the oxidation of UO2 by the carbonate radical, and, finally, the dissolution of
U(VI)O2 by means of bicarbonate complexation. It is the last reaction that releases U into solution and
giving the [U] measured in experiments. As mentioned above, if the rate of increase of [U] is used to
indicate matrix dissolution, the experiment needs to be set-up so that the solubility limit of secondary
U(VI)-phases are avoided.

2.2.2 Repository environments

In spite of the anoxic environment expected in most deep geological repository environments, the
radiolysis, as we have seen in section 2.2.1, will still potentially cause oxidation of the U in the SNF
matrix. However, all repository concepts involve a large reservoir of metallic Fe, either as cast iron or
steel. As described by Spahiu (2021), this will provide both dissolved Fe and molecular hydrogen (H2).
It has been recognized for many years that this may provide a means for keeping the environment
reducing, even near the SNF surface. There is also plenty of experimental evidence that anoxically
corroding Fe and H: in the gas phase, in autoclave leaching experiments, can suppress the oxidative
dissolution of U in SNF (see list of references in Spahiu 2021). Regarding the relative importance of Fe
and Hz, Puranen et al. (2020) provides evidence for a much stronger effect of H. compared to Fe(aq).

In these experiments, [U] is close to the solubility limit of UO2 (am) (log [U] = -(8.5 + 1.0). Neck and Kim
2001) indicate that Hz suppresses oxidative dissolution of U. In presence of Hz, there is no need for Fe
in the experiment for this effect (Ekeroth et al. 2020, Puranen et al. 2018, 2022). Some recent results
indicate that sample history, in particular previous exposure to oxygenated environments, can affect the
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radionuclide release and cause slightly elevated [U]. However, also in cases with problematic pre-
oxidation of samples, the release rate is very close to zero after one year of leaching with hydrogen in
the gas phase (Figure 2.3, Barreiro et al. 2021), indicating no further oxidative dissolution of U.

O35A2 (Std. UO2)

1 0E-0O7
r i m M
s - | @ O
= 1,0E-08
2 1,0E-09 m U-2385A2
m
£ Pu-238
g 1,0E-10 m Np-237
1,0E-11
0 200 400 600 200 1000
me / d

Figure 2.3. Results from leaching standard UOX fuel with H2 overpressure. From Barreiro Fidalgo et al.
(2021). The [U] is stabilized at higher levels than expected due to pre-oxidation and colloid formation.

All results from the SNF leaching experiments performed in the DisCo project are collected and
discussed by Metz (2021). One observation is that during the first year of leaching, the redox conditions
affect the release of actinides much more than the release of non-redox sensitive fission products, such
as Cs. The measured U concentrations (Figure 2.4) show clearly the effect of redox conditions in the
leaching vessel; under air and Ar atmospheres relatively rapid increase of U concentrations due to
oxidation can be observed, compared with U concentrations in experiments with hydrogen
overpressure. The Cs release (not depicted) cannot be used as a measure of matrix release, since it is
part of the IRF (see section 2.2.1) and, in extension is closer connected to fuel characteristics (section
2.2.3) and sample history than to redox conditions.
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Figure 2.4. U concentrations vs. time from SNF leaching experiments performed within the DisCo project
plotted together. From Metz (2021). Data are from experiments with air, Ar and H; in the gas phase.

The results from experiments where SNF is leached in the presence of metallic Fe provides evidence
that there is negligible U(VI) in solution under these conditions (Spahiu 2021). The main argument for
this is that no, or very little, U was found on the Fe surfaces. With hydrogen overpressure, it therefore
seems the fuel surface is kept reduced, meaning the oxidative dissolution rate is close to zero. It follows
that determining the rate of radionuclide release from these experiments is difficult; the FIAP of [U]
cannot be used since it is close to the solubility limit of U(IV) solid phases, and using the FIAP of different
radionuclides involves assumptions regarding the fraction of these radionuclides that are in some way
segregated from the matrix (i.e., the IRF, see section 2.1). One radionuclide that has been used for this
purpose is Sr-90 (Grambow et al. 2000), since the IRF is normally very low. Even so, it is known that Sr
may segregate to the so-called grey phase (Kleykamp et al. 1985), and this triggers further questions.
However, in cases where no more Cs is released, one can argue that no more matrix is dissolved - any
matrix dissolution would invariably cause a release of Cs, which is not expected to precipitate or sorb
strongly in these experiments.

The discussion of the results presented above relates mostly to repository environments without cement.
Cementitious materials in the repository concept are expected to strongly affect the chemical conditions.
The main parameter that will be affected is the pH of the water interacting with the SNF, but also the
chemical composition of the water interacting with the SNF will be affected. Therefore, a number of
experiments have focused on the effects of degrading cement, using water types mimicking various
stages in cement degradation, for example Evolved Cement Water (ECW), or Young Cement Water
with Ca (YCWCa) (Loida et al. 2012). Loida et al. (2012) studied SNF dissolution using these waters
and hydrogen overpressure and they found low matrix dissolution rates (~10-%/day) and very low [U] in
both experiments. Notably, in these experiments, Sr is affected by precipitation reactions and the Sr
release cannot be used to estimate the matrix dissolution rate. The concentrations of Cs and fission
gases did, however, reach a plateau, which means a dissolution rate close to zero. More recent
experiments with cement waters and high pH were performed both in contact with air (Iglesias et al.
2023) and in anoxic and reducing conditions (Mennecart et al. 2024). The complex water chemistry may
cause precipitation issues, such as calcium uranate CaU207, in oxidizing conditions (Iglesias et al.
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2023). Hydrogen in the gas phase appear to keep U reduced also in YCWCa conditions, while [Sr], as
opposed to [Cs] and [I], was lower in YCWCa compared to simpler bicarbonate conditions at near-
neutral pH (Mennecart et al. 2024).

2.2.3 Fuel characteristics

The effect of burnup on the fuel chemistry and microstructure is discussed in detail by Spahiu (2021); in
short, the higher the burnup, the more fission products and more developed High-Burnup Structure
(HBS) at the rim of the fuel pellet. The connection between burnup and IRF is discussed in section 2.1
and will not be further considered here. Instead, the focus here is how burnup affects matrix dissolution
and release of radionuclides from the matrix. The two main aspects of high burnup that may affect the
matrix dissolution are a more fine-grained microstructure and higher radionuclide content. However,
existing data show that there is no enhanced matrix dissolution from high burnup fuel. The conclusion
of Spahiu (2021) is “the high doping level at the pellet rim both with actinides (such as Pu) and fission
products makes the fuel matrix less prone to oxidation and counteracts successfully both the higher
surface area and the higher radiation field.” Experiments performed in contact with air and variable
burnup show that in spite of higher radionuclide content at high burnup, the radionuclide release is not
increased (Zwicky et al. 2011). Matrix dissolution for fuel with high (~65 MWd/kgU) and very high burnup
(~75 MWd/kgU) has also been tested in experiments with hydrogen overpressure (Puranen et al. 2018;
2022), with results showing that the hydrogen successfully also supresses the fuel oxidation even for
very high burnup fuels. Therefore, as Spahiu (2021) also concludes, this shows that “fuel dissolution
rates determined with average burnup fuel are valid also for high burnup fuel.”

Even if experiments show that SNFs with various burnups yield similar results in the experimental
conditions investigated, there is a need to understand the process and how the different elements in the
matrix affects the redox reactivity of the UO2. An improved understanding is required for the development
of a mechanistic model in which different fuel compositions can be tested. This is why a number of
studies have been performed with UOz pellets doped with various elements, for example Gd (Barreiro
Fidalgo and Jonsson 2019), Y (+/-Pd), (Pehrman et al.. 2012), or Cr (+/- Al) (Rodriguez Villagra et al.
2022; Smith et al. 2023; Milena Pérez et al., 2025).

The general observation is that the doped UO: systems exhibit a lower redox reactivity, in line with the
previous preliminary evidence from electrochemical studies, where rare-earth doping was shown to
suppress corrosion of UO2 (Pehrman et al.. 2012, Liu et al.. 2017). These kinds of observations triggered
a recent study on the thermodynamics of Ln-doped UO:, in which the authors conclude that the
explanation for the enhanced resistivity to oxidation is connected to a partitioning of Ln between a
fluorite-type phase and a UsOs polymorph (Vinograd et al. 2023).

In the text above, effects of burnup and dopants on the matrix dissolution and redox reactivity have been
discussed. In addition, other issues concerning particular fuel characteristics are pre- and post-
operational microstructure of different fuel types. Different fabrication processes can produce pellets
with varying initial porosity and grain size, e.g. the NIKUSI process as discussed by Lemmens et al.
(2017). These aspects potentially affect the IRF more than the matrix dissolution (see section 2.1), but
it is important to keep in mind that the microstructure can vary between fuel types. This is likely also one
potential cause for any differences seen in studies related to Cr+Al-doped fuel (Arborelius et al. 2006)
and Cr-doped fuel (Cardinaels et al. 2010); at levels of Cr-doping higher than the solubility of Cr in UO2,
Cr is found in grain boundaries (Smith et al. 2022), the potential effects of which on IRF are discussed
in section 3. The question remains if there is a different effect of only Cr versus Cr+Al, since there is a
lack of published leaching data for Cr-doped fuel under Hz overpressure.

With regards to microstructure, there are interesting observations from different types of MOX fuels. In
MOX, the Pu is either homogeneously or heterogeneously distributed in the UO2 matrix, depending on
the fabrication method. In case of heterogeneous MOX fuel, e.g. the MIMAS (Mlcronised MASter blend)
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MOX, Pu-rich islands in the UO2 matrix with very high burnup occur with increasing burnup of the fuel
Spahiu (2021). The effect of this on the matrix dissolution has been discussed by Jegou et al. (2010)
and Odorowski et al. (2016).

3. Characterisation of grain boundaries and microstructures
and their effects on leaching studies

The importance of grain boundaries and what role they play in radionuclide release during SNF leaching
have been discussed for some time (e.g. Olander and Uffelen 2001). The argument for including a grain
boundary inventory in the IRF is clearly the observation that some radionuclides do segregate and form
separate phases that are to a certain degree located in the grain boundaries, e.g. metallic particles.
However, it is well known that in general, grain boundary diffusion is faster than diffusion inside the
grains (Parras and De Souza 2020), so if a radionuclide diffusing inside the grain reaches the grain
boundary, it will diffuse more rapidly along the grain boundary to the gap.

Studies specifically investigating the grain boundary inventory are presented in section 3.1. Related
studies, but focused more on microstructures and mechanisms involved in the preferential leaching of
grain boundaries are presented and discussed in section 3.2

3.1 Grain boundary radionuclide inventory

The fraction of the fission product inventory that is located in the grain boundaries can be theoretically
estimated, via models taking the temperature and diffusion coefficients into account (e.g. Speight and
Turnbull 1977), or by experimental observation (e.g. Thomas et al. 1992).

An overview of the processes behind segregation of a fraction of the inventory to the gap and grain
boundaries is given by Spahiu (2021), who focuses on how soluble the fission products are in UO2. In
general, the migration of radionuclides from the centre to the rim of the pellet is driven by the steep
radial temperature gradient from the hot centre to the fuel surface. Some radionuclides have a tendency
to precipitate in secondary phases, such as metallic particles, or “grey phases” (Kleykamp et al 1985).
The nucleation of these secondary phases in the grain boundaries will increase the grain boundary
inventory The grain boundaries may also host inter-granular fission gas bubbles. Spahiu (2021) notes
that these grey phases, more specifically perovskite-type oxides of the form BaZrOs, are observed in
fuel that have experienced very high temperatures. A perovskite phase is also observed on grain
boundaries in SIMFUEL (Lucuta et al. 1991). Apart from Ba and Zr, the grey phases may contain a
fraction of the Sr, Cs and Mo inventory of the fuel, so that the structural formula is more accurately
described as (Cs,Ba,Sr)(U,M0,Zr)Os. The partitioning of fission products into the grey phase have been
investigated since this may cause volume changes such as swelling or contraction of the fuel (Cooper
et al. 2014).

Theoretical studies concerning how fission products segregate and remain as separate phases in the
grain boundaries of UOz are based on thermodynamics and diffusive properties of the solid and the
radioelements. Atomistic simulations focused on the properties of grain boundaries in UO: indicate that
the impact of the formation of amorphous grain boundaries can be significant with regards to e.g. fission
product behaviour, and formation. Further work is required in this area (Middleburgh et al.. 2021). Very
few studies have experimentally investigated the grain boundaries of SNF. The ones that have been
published note a general lack of grain boundary segregation, as seen with Transmission Electron
Microscopy (Thomas et al. 1992) or a Cs accumulation in some grain boundaries, as seen with Electron
Microprobe analyses (Mennecart et al. 2014). This illustrates the difficulty in verifying the predictions of
the models and theories concerning the migration of IRF radionuclides such as Cs to the grain
boundaries.
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The metallic particles, containing Mo, Ru, Tc, Rh, Pd, are briefly described by Spahiu (2021), and a
more detailed summary is provided by Spahiu and Evins (2013). The metallic particles can be very small
(nm-sized) up to micrometre-sized. They are found both within grains and in grain boundaries (see
Figure 3.1); in general, larger particles are often located in grain boundaries (Thomas et al. 1992). The
fraction of these metals that have migrated to the grain boundary before precipitating, and the size of
the particles, depends in part on the fuel operation, and specifically fuel temperature. In the central part
of the fuel pellet the metallic particles are larger, while they are much smaller at the rim of the pellet. For
normally operated LWR fuels, with pellet centre temperatures rarely above 1200 °C, the metallic
particles are usually less than 1 um in diameter (Spahiu and Evins 2013).

With regards to the fission gases, they may collect in grain boundaries as inter-granular bubbles. When
these bubbles grow, they may coalesce and create pathways to the gap and thereby escape to the
plenum. There are suggestions that the mechanism for fission gas release differs depending on the
temperature of operation and level of burnup (Willett et al. 2020). The importance of inter-linked tunnels
appears to be connected to high burnup fuels, while at intermediate and low burnup, bubble diffusion
and classical diffusion of single gas atoms may be the main release mechanisms (Willett et al. 2020).
Thomas et al. (1992) observed nanometer-sized gas bubbles along the grain boundaries within the rim
regions of the examined fuels. Further explanation on the bubble formation mechanism is included in
section 5.2.

Considering the importance of grain boundaries with regards to their potential to store radionuclides and
thereby affecting the way their release can be expected to happen in the repository, the effect of fuel
grain size needs to be investigated. However, the recrystallization of the fuel during high burnup, for
example the development of the High Burnup Structure at the pellet rim, has been shown not to increase
the IRF (Spahiu 2021 and references therein). This indicates the importance not only to better quantify
the grain boundary inventory, but also how accessible the grain boundaries are to the leaching solution.
This is discussed below (section 3.2).

3.2 Preferential grain boundary leaching

The simple approach in safety assessments is to define the IRF as the fraction of the fuel radionuclide
inventory that is released faster than the rate of the fuel matrix (Spahiu 2021). For the grain boundaries
to contribute to the IRF, they need to be accessible to the leaching solution and provide a pathway for
the segregated radionuclides to bulk solution. The wetting of fuel was studied via modelling in FIRST-
Nuclides (Kienzler et al. 2014); the conclusion was that the wetting is very fast on a repository timescale,
meaning there is nothing to gain by incorporating the time for wetting in the safety assessment model.
Also, the many grain boundaries in the fine-grained structure of the high-burnup rim were suggested to
cause a higher fraction of rapidly released radionuclides. This was however shown not to happen,
meaning the grain boundaries of the rim was not preferentially leached. Concerning grain boundaries in
general, Johnson et al. (2012) concludes: “The data obtained here do not support the hypothesis that
the radionuclides segregated at grain boundaries are easily leached. Methods of differentiating between
release from the gap and from grain boundaries should be further explored.”

How to separate the release from gap and grain boundaries is not trivial; some spent fuel experiments
have tried to specifically leach grain boundaries. The experiments of Gray et al. (1991) introduced the
method of first leaching the sample, to ideally remove the gap inventory, and then crushing the fuel
sample to a grain sized powder which was then leached. The resulting grain boundary inventory was
found to be generally less than the gap inventories and relatively low (1% or less). A similar approach
was attempted for a SNF with very high burnup (ca 75 MWd/kgU), but with questionable results due to
oxidation and exposure of inter-granular surfaces (Puranen et al. 2016, Roth et al. 2019). It seems trying
to mill a SNF in order to only expose the grain boundaries for leaching is difficult.
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Studies on grain boundaries were performed in the REDUPP project (Evins et al. 2014). Using Atomic
Force Microscopy and Electron Back Scatter Diffraction techniques, Corkhill et al. (2014) studied CeO:
and ThO2 and observed preferential leaching of grain boundaries resulting in enhanced dissolution
rates. They also noticed that grain boundaries with high misorientation angle retreated more rapidly than
that with low misorientation (Figure 3.1).
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Figure 3.1. Evolution of CeO2 grain boundaries during dissolution. A: low misorientation. B: High
misorientation. From Corkhill et al. (2014).

Enhanced dissolution rates are also observed in studies on UO:2 grain boundaries (Rémer et al. 2003).
Using AFM, dissolution was shown to result in typical V-shaped grain boundaries, indicating preferential
leaching from these sites, potentially due to enhanced oxide conductivity to non-stoichiometry in the
grain boundaries (Rémer et al. 2003).

Defining the IRF as the gap and the grain boundary inventories combined has been a continuous source
of questions and discussion, prompting attempts to refine the model. There have been attempts to
extract a specific release rate from grain boundaries based on radionuclide release data (e.g. Johnson
et al. 1985, Espriu-Gascon et al. 2020). However, as Kienzler et al. (2017) points out, none of the Cs
and | data from the FIRST-Nuclides project follows the curves suggested by Johnson et al. (1985). The
SERNIM model (Espriu-Gascon et al. 2020) is discussed in section 2.1 and section 5.1; it is noted here
it is based on data from leaching of powder, and as discussed above, powder leaching may introduce
some complications confounding the data interpretation.

3.3 Methods for solid and grain boundary characterization

To study how grain boundaries may influence the leaching results, the solid samples need to be
characterized well, preferably before and after leaching. Methods involved in this are, as exemplified
above, AFM and EBSD, but in addition the following methods, listed by Evins et al. (2021) can be used:

e Archimedean density method.

e He pycnometry for density determination.

e BET (Brunauer—-Emmett—Teller) for surface area measurements.

e Optical microscopy for microstructural analyses.

e SEM (Scanning Electron Microscopy) with EDS (Energy Dispersive Spectra) and EBSD
(Electron Back Scatter Diffraction).

o EPMA (Electron Probe Microanalyser) with WDS (Wavelength Dispersive X-ray Spectroscopy)
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o XRD (X-Ray Diffraction).
¢ Raman spectroscopy.
o XAFS (X-ray Absorption Fine Structure spectroscopy).

Another useful tool, especially interesting for the study of grain boundaries, is Focused lon Beam (FIB)
by which the sample can be milled in order to expose new surfaces for study. Thin lamella can be
produced to further study in a Transmission Electron Microscope (TEM) or X-ray Absorption
Spectroscopy (XAS). One example is the work of Curti et al. (2015) in which, a FIB lamella from SNF
was transported internationally for further study by micro-XAS. Using FIB in combination with
appropriate methods can reveal insight into both the grain boundary inventory and how the grain
boundary microstructure and crystallography may influence the leaching and radionuclide release.

4. Dissolution studies of model materials

The single and multiparametric studies of model materials allow the determination and quantification of
the key processes driving the SNF dissolution, under geological repository conditions, associated with
the presence of dopants, the grain size, microstructure characteristics, surface area, radiolysis, etc.
Moreover, working with unirradiated material avoid the complexity associated with handling high doses
and the complexity in results interpretation. The UO2-based model materials are systematically prepared
and precisely characterised with the aim to understand several single and linked effects on SNF
dissolution under relevant storage conditions. Something to highlight is that the specific synthesis
conditions of doped samples, including the cooling step, affects the final crystalline structure and redox
state of dopants and, consequently, this information should be provided, specially, if an inter-comparison
exercise between experimental data is intended. In this regard, the development of a common leaching
protocol, including solid sample characterization and leachate analyses should be also harmonized.

4.1 Alpha doped UO:>

In Spahiu (2021) a section is dedicated to discussing the leaching behaviour of alpha doped UO:2 under
anoxic and reducing conditions emphasising the effect of the increasing alpha activity on the fuel
oxidation process. The leaching of UO2 doped with wt% of alpha emitters: 233U or 238Pu, under anoxic
conditions (Ar flushing) and carbonate solution, indicates that below the o-activity range between 3.3
and 33 MBg/gUOQ2, significant dissolution attributed to alpha-radiolysis cannot be observed under this
conditions (Rondinella et al. 2004 and Muzeau et al. 2009; Carbol et al. 2005). At pH: of 1bar and in
carbonate solution, significant dissolution is observed above 385 MBg/gUO2 (Muzeau et al. 2009). In
the framework of DisCo EU-project, the effect of Hz in alpha doped UO2, with ~18 MBqg/gUO2, was also
tested using 10bar of H2 and Pd/Pt catalyst. Under these conditions, the U concentration was
significantly greater than the UO2z(am) solubility, with final concentration of 107 and 5-107 M, in both
carbonate solution and young cement water. These results indicate that dissolved H> was unable to
prevent the short-term radiolytically oxidation/dissolution process, or to reduce oxidised U(VI) in solution
(Cachaoir et al. 2021). In the light of these results and as pointed out in the DisCo final report (Evins et
al.. 2021), the alpha activity from which significant UO2 oxidative dissolution process is identified,
remains an uncertainty under conditions of Hz pressure.

The presence of Pu in an unirradiated homogeneous mixed oxide fuel Uo.73Puo2702, with an alpha
activity of 2200 MBq/gUO2, under anoxic conditions (carbonate water under argon) limits the oxidative
dissolution process due to radiolysis compared with an undoped UO: (Kerleguer et al.. 2020). The long-
term dissolution rate Uo.73Puo.27O2 was 7.6-10¢ mol-m-2-d-! with H202 below the detection limit of 107 M
and constant Pu concentration at 10-° M, corresponding to solubility limit by Pu(OH)4 (am) phase. The
low concentration of H20: is attributed to a higher catalytic disproportionation of H202 on the Pu-enriched
layer estimated as 99%, against 86% calculated for UOz (Kerleguer et al.. 2020).
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The effect of metallic Fe on the leaching behaviour of a-doped UO: appears much clearer, with no
evidence in the literature of [U] at levels that indicate oxidized U in solution under these conditions. For
instance, dissolution experiments in Callovo-Oxfordian simulated groundwater, presence of Fe(s) and
Ar atmosphere of a-doped UO:2 fuel with alpha activity of 385 MBqg/g, show low uranium concentrations
being limited by UO2:2H20 (am) (Odorowski et al.. 2017). The same understanding is obtained from
experiments of alpha doped UO: in presence of Fe(s) from Ollila and co-workers with total uranium
concentrations <10-19M (Ollila et al. 2003, Ollila and Oversby 2005, Ollila et al. 2013; Evins et al. 2014).
Small amount of sulphide can also supress any oxidizing effects of alpha activity (Ollila, 2006).

Similar results are obtained from leaching experiments of Uo.73Puo.27O2 (alpha activity of 2200
MBg/gUOz) in COx (Callovo-Oxfordian clay formation) simulated water-saturated in the presence of pre-
corroded iron foil, showing the inhibition of the oxidative dissolution of the unirradiated MOX fuel due to
the presence of iron and precipitation of magnetite on the MOX pellet surface, this can be partly
attributed to consumption of H20: through oxidation of Fe(ll) (Evins et al.. 2021).

The leaching behaviour of unirradiated Mimas® MOX fuel pellets containing an average of 7.48 wt% of
PuO: (alpha activity of 1300MBg/gUO2), with a heterogeneous microstructure containing Pu-rich
agglomerates has also been studied under environmental conditions of increasing complexity (Jegou et
al. 2022). The results indicate a decrease of three orders of magnitude of the uranium concentration in
COx water compared to carbonated water (from 8.3-10-5to 7.3-10% M) and the presence of Fe(ll) further
decreases the [U] to levels in equilibrium with UO2(am). Interestingly, the pellet zone with the lowest Pu
content and, therefore, low alpha activity, are the most sensitive to oxidative dissolution, being indicative
of a possible Pu protective effect (Jegou et al. 2022).

4.2 Cr/Al-doped UO:a..

The incorporation of Cr and Al in the UO:2 fuel matrix modulates the microstructure triggering grain
growth during sintering of the UO:2 pellets and minimizing FGR) (Arborelius et al. 2006; IAEA, 2010).
The incorporation of dopants might affect the electrochemical properties of the matrix (He et al. 2007;
Razdan and Shoesmith, 2013). To study the effect of Cr + Al dopant and particle size in the dissolution
behaviour of irradiated fuel pellets in DGR, UO2 samples with a range of doping level have been studied
under different solution conditions in the framework of DisCo EU-project (Evins et al. 2021).

The obtained results seem to indicate the diminishing effect of Cr on the dissolution of UO2 matrix, only
identified when the conditions are mildly oxidizing (with traces of oxygen) or under Hz pressure. The
corrosion process has not been identified to be different from that occurring in pure UO2. Consequently,
Cr is not expected to have any significant influence on corrosion of irradiated spent fuel under the
reducing conditions expected by the presence of corroding iron.

The main results from Cr/Al-doped UO: leaching experiments with different solutions and conditions are
summarized below.

Oxidizing conditions in presence of H20>

UO2 and UO2+Cr dissolution experiments were performed in bicarbonate solution using hydrogen
peroxide to simulate the effect of oxidative radiolysis. The aim of the study was to investigate the
influence of the microstructure in terms of porosity and grain size on the dissolution behaviour (Kegler
et al. 2019, 2020). The results show no significant difference in the dissolution behaviour between Cr202
doped UO:2 and pure UO: pellets and, apparently, the pellet density (associated to the surface area)
was more influent than dopant concentration (Evins et al.. 2021). Repeated exposures of UO: to
hydrogen peroxide results in the formation of a thin layer of a secondary phase or hyperstoichiometric
uranium oxide on the surface of the pellets (Maier et al. 2020; Li et al. 2023)

Air conditions

Under oxidizing, air-saturated conditions, in aqueous solutions with sodium chloride and bicarbonate,
Cr-doped UO: dissolution results show a decrease of the initial dissolution rate with increasing Cr-
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content. The different dissolution behaviour with the Cr level of doping is associated to the grain size,
defect concentration and the Cr oxidation state, influencing to the oxygen vacancy formation (Smith et
al., 2020). A change of the Cr oxidation state is identified, from +2 for a content of 5-300 ppm to +3 with
600-2400 ppm of Cr (Evins et al. 2021).

Anoxic conditions

Under anoxic conditions the dissolution behaviour of 0.06 wt% Cr and 0.05 wt% Cr + 0.02 wt% Al doped
UO: pellets was studied. The experimental conditions, described in Rodriguez-Villagra et al. (2022), are
summarized herein. The tests were performed in autoclaves with hydrogen pressure containing Pt wire.
The leaching solutions (carbonate solution with pH = 8.9 and young cement water with pH ~13.5) were
stored in Ar glove box with a measured oxygen concentration of 1000ppm. The results indicate: i)
leaching fresh doped-UO: solid samples in bicarbonate water did not apparently influence the evolution
of the microstructure on the fuel surface and on the grain boundaries; ii) the presence of Hz gas did not
provide the expected reducing conditions considering its thermodynamic properties; iii) the combined
effect of Cr and Al observed in Cr/Al-doped UO2 seems to limit the uranium release in comparison with
Cr-doped UOz2, in which Cr acts as a sole dopant (Rodriguez-Villagra et al. 2022; Rodriguez-Villagra et
al. 2025).

Hydrogen pressure

Under hydrogen pressure (10bar hydrogen and using Pd/Pt as catalyst, placed in the headspace of the
autoclaves, not immersed in the solution), Cr-doped UO2 and UO2 in YCWCa (pH = 13.5) leaching
experiments show U concentration after 150 days of ~108 M and ~10-7 M, respectively. Therefore, Cr-
doping diminished a factor of 6 the U release in YCWCa. Under the same reducing conditions and
bicarbonate solution (pH = 9) the effect of Cr doping is less significant (Cachoir et al. 2021). Furthermore,
Cr-doped UO: pellets seems to be less sensitive to the exposure to oxygen traces, being more resistant
against oxidation or preventing the release of U(VI) from the surface at the start of the leaching tests.

Presence of Fe(s)

Under reducing conditions using Fe(s) as a reducing agent, the U concentration in the leaching
experiments of UO2 and Cr-doped UO: resulted to 10-** M with no observed effects of the Cr-doping.
(Evins et al. 2014; 2021).

4.3 REE-doped UO;

The lanthanide (Ln) element group (Z = 57—-71) predominates as trivalent cations and together with
scandium (Z = 21) and yttrium (Z = 39), revealing related chemical properties with the Ln, all of these
elements are categorized as the rare earth elements (REEs) (Evans, 1990). The incorporation of
trivalent lanthanides and rare-earth (REE(IIl)) elements generated by the nuclear fission, such as Gd
and Eu, in UO2 matrix promotes the formation of oxygen vacancies clusters and stabilises this formation
by maintaining the electroneutrality of the uranium oxide structure (Kim, 2001; Lee et al.., 2017; Park,
1992; Razdan & Shoesmith, 2014; Scheele et al.. 2021). In general, REE(III) elements with increasing
doping content hinder the UO2 oxidation to UsOs (McEachern et al., 1998; Scheele et al. 2004; Pehrman
et al., 2012; Razdan & Shoesmith, 2014; Olds et al. 2020; Scheele et al., 2021), also seen in irradiated
SNF (Milena-Pérez et al., 2024) with enhanced oxidation resistance in the rim area. However, less
knowledge is still acquired about the role of REE fission products in the SNF on aqueous dissolution
process (Asmussen et al., 2021). As discussed in section 2.2.3, trivalent rare-earth dopants (RE") also
play an important role in slowing down the oxidative dissolution process of UO2 matrix (He et al., 2007;
Razdan & Shoesmith, 2014; Casella, 2016; Barreiro, 2019). For of 4.5 wt% Gd doped UO: pellets the
long-term dissolution rates under Hz pressure were estimated as 3-105, 9:10° and 9:107 mol-m2-d1 in
perchlorate water, bicarbonate solution and YCW solution, respectively (Rodriguez-Villagra et al. 2020;
Rodriguez-Villagra et al. 2025). The influence of Gd" doping on the surface oxidation of UO2 has been
investigated in istu by XPS under 60, 200 and 350°C and presence of hydrogen, argon or synthetic air
streams saturated with water (Garcia-Gémez et al. 2023a). The results indicate that the pellet porosity
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is an important parameter to considerer when studying the surface oxidation of UO2 doped with Gd20s
as in these samples the oxidation depends on the atmospheric conditions. However, in absence of
porosity doping UO2 with gadolinia inhibit the UO: oxidation process (Garcia-Gomez et al. 2023a).

Dissolution rates of Gd20s doped UO:2 (5 wt% and 10 wt%) in the presence of Oz and bicarbonate were
determined as a function of pH (9—-13) using single pass flow-through (SPFT) system (Garcia-Gémez
et al. 2023b) resulting in rather low dissolution rates. Specifically, dissolution rates of Gd20z-doped UO:
at pH below 10 were found to be about 15 times lower than those of non-doped UO2. Similarly,
Asmussen et al., (2024) studied the impact of Ce, Nd or Yb (1 - 5 at%) on the UO: dissolution using
SPFT system under air conditions, observing lower dissolution rates on most samples relative to pure
UO:2 samples. Experiments with UO2z pellets with 1 wt% of Y203 under 10 mM HCOs and 0.2mM Hz02
solution showed a decrease in oxidative dissolution by a factor of 3.3 and 5.3 under inert and hydrogen
atmosphere, respectively (Trummer et al., 2010).

As mentioned, data on the effect of REE(lll) (e.g. Sc, Y, La, Ce, Pr, Nd, Eu) on long-term behaviour of
SNF remain limited and not fully understood, given the discrepancies found. Therefore, understanding
the precise role of all fission products with variable compositions on SNF matrix dissolution under both
oxidative and reducing conditions is necessary to strengthen predictive models, knowing that dissolution
rates are highly conditioned on fuel composition and the presence of REE(lll). Simplified model materials
to study each REE independently could be used to avoid the chemical complexity of SIMFUEL and to
understand the diverse chemical behaviour of fission products.

4.4 Zr-doped UO;

With burnups beyond 40 MWd/kgHM, the initially open gap between fuel and cladding is closed leading
to the formation of a fuel-cladding interaction layer. In the context of pellet-cladding interaction (PCI)
phenomena, the behaviour under storage conditions of the UO2-ZrO: inter-diffusion layer is
characterized to be composed of two zones, one closer to the cladding (polycrystalline ZrO2) and a
second one nearer the fuel pellet mainly formed of solid solutions of (U,Zr)Oz (cubic fluorite) (Frost,
2020). Various fission products such as iodine, caesium or tellurium attacks the cladding. Actually, stress
corrosion cracking (SCC) induced by halogens, e.g. iodine, bromine and chlorine is responsible of
cladding failures (Konig et al., 2024). Despite all elemental halogens are able to induce SCC or pitting
corrosion processes with the cladding material, chlorine and fluorine are impurities within the fuel,
resulting from manufacturing processes and only iodine and bromine are generated by fission in
sufficient amounts to enable cladding attack (Gétzmann and Heuvel, 1979). Thermal analysis on some
representative model materials of PCI showed that, under non-isothermal systems, the presence of
zirconium in the UO2 fuel matrix hinders matrix oxidation and the increase content of ZrO2, decreases
the fuel matrix oxidation degree (Rodriguez-Villagra et al. 2023; Vlassopoulos et al. 2024). The intimate
U and zirconia layer may also include traces of volatile fission products that reach the gap. The
behaviour and release of fission products and gaseous/volatile species will be influenced by PCI.
However, the potential chemical resistance to oxidative dissolution/corrosion for long-term stability after
disposal should be addressed. Certain experiments referred to fuel debris, particularly after Chernobyl
and Fukushima Daichii accident, have been performed on (U,Zr)O2-based simulated fuel debris under
specific conditions non typical of DGR such as nitric acid, oxalic acid, malonic acid, artificial seawater
(Sasaki et al., 2014; Ikeuchi et al., 2014; Kirishima et al., 2022;Tonna et al., 2023; Tonna et al., 2024).
Therefore, the research on PCl is still a high interest topic with considerable consequences at long-term
storage that should be initiated by performing leaching experiments on surrogates of PCI (Zircaloy
cladding) under DGR conditions.

5. Modelling radionuclides release from SNF

With the aim to predict the response of the system towards changes of individual parameters or events,
one of the critical points for licensing SNF disposal is the need to mechanistically understand the
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behaviour of SNF dissolution and its evolution under DGR conditions. For this purpose, efforts to
simulate the spent fuel evolution under disposal conditions have resulted in the development of different
modelling approaches in terms of complexity and simplification of the processes. A description of the
mostly used models is reported Spahiu (2021). This section includes the latest development and
improvements in the applicability and performance of these models.

5.1 Mechanistic models of radionuclides release during SNF
leaching

In general, it exists in the literature two types of spent fuel dissolution models: chemical and
electrochemical models. Both types of models consider the same fundamental processes occurring in
the spent fuel matrix: non-oxidative dissolution, leading to U(IV) species, and the oxidative dissolution,
leading to U(VI) species. However, the electrochemical models estimate the corrosion potential at the
surface of SNF from the simulated concentration of radiolytic redox active species while the chemical
models are based on redox processes to simulate the spent fuel oxidation and the calculated redox
active species are used in the kinetic surface reactions of the redox processes. In any case, rate
constants are determined either by oxidative dissolution experiments or by the extrapolation of
measured current—potential relationships (Hossain et al.. 2006; Ekeroth and Jonsson, 2003; Shoesmith
et al.. 2003; King and Kolar, 1999; Eriksen et al.. 2012).

Herein we include a description of the main characteristics of the models currently published in the
literature, specifying if the model has been calibrated using experimental data and if it has been tested
to reproduce independent experimental data (not used in the calibration of the kinetic processes) .

Matrix alteration model (MAM)

Matrix alteration model (MAM) developed in the framework of the Spent Fuel Stability European project
(2000 -2004) (Poinssot et al. 2004) as a radiolytic model with a set of kinetic processes implemented in
ChemSimul (Kirkegaard and Bjergbakke, 2002). The kinetic constants for the UO: oxidative dissolution
mechanism were calibrated with experimental data (Merino et al. 2005). Subsequently, in the framework
of the MICADO European project in collaboration with CIEMAT and ENRESA (Grambow et al., 2011)
and in several other projects in collaboration with ENRESA, the model was improved with the
implementation of other important processes: the non-catalysed decomposition of hydrogen peroxide,
activation of Hz by epsilon particles and the reducing effect of the activated H2 on the oxidized surface
(Duro et al.. 2009; 2013).

Spent fuel dissolution model developed by AMPHOS 21

In the framework of the DisCo project, the MAM model kinetic processes were implemented in iCP
(Nardi et al. 2014) and calibrated with experimental data (Cera et al. 2006; Evins et al. 2014). This
implementation integrates the complete water radiolysis system from Kelm and Bohnert (2004) (based
on 36 kinetic reactions) and its effect on the UOz(am,hyd) alteration under container conditions in a 1D
model. The most important feature of the described model is having solved the great challenge of: i)
coupling radiolysis with reactions of chemical complexation and dissolution/precipitation processes
which occur at very different time scales, often with rates differing by more than 6 orders of magnitude
and ii) integrating these two systems: uranium (as the main element of the fuel) and the iron of the steel-
container and metallic insert, which have a very complex chemistry (Riba et al., 2020). The different
physico-chemical processes implemented in the model are shown in Figure 5.1 and they are integrated
iCP is achieved by a two-way coupling approach. The effect of water radiolysis on the UOz(am,hyd)
alteration is accounted by coupling Hz, Oz and H202 generated by radiolyis to the kinetic process
occurring on the UO2 surface. The estimated UO: dissolution rates when including the effect of iron are
of 0.6 pmol-m-2-s1 (the same order of magnitude of the rates calculated in Wu et al. (2014b). The model
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has allowed to simulate different sets of experimental data generated in the framework of DISCO EU-
project (Riba et al. 2021).

eWater Radiolysis:

oxidant and reductant
generation
eGeneration -‘OH by

Two-way coupling approach
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Figure 5.1. Integration in iCP of the different processes involved in the SF alteration.

CEA model

In the framework of the MICADO EU-project (Grambow et al. 2011), two different models from CEA
(operational and radiolytic) were involved in the comparison exercise. The operational source term
model considers primary radiolytic species produced in a water layer adjacent to the fuel surface and
neglects conservatively reducing species and recombination of radicals. It assumes that 50% of the
oxidizing species will contact the fuel surface instantaneously resulting to the oxidative dissolution of the
fuel as U(VI). Secondary phase formation, reaction kinetics and the effect of hydrogen are neglected. It
is a mass balance approach without fitting parameters. The CEA radiolytic model cannot be used for
long-term calculations. It includes the complete radiolytic model and considers dose gradients and
diffusion of species.

The oxidative dissolution of spent fuel UOx in a disposal cell has been implemented in HYTEC by De
Windt et al., (2003, 2006). The model included radiolytic-enhanced corrosion and long-term solubility-
controlled dissolution of UOX, corroded C-steel canisters, bentonite backfills and a clayey host-rock (De
Windt et al., 2006).

In the framework of the DisCo EU-project (Evins et al. 2021), CEA modelling was focused on the
simulation of non-irradiated homogenous MOX pellet (Uo.73Puo2702) using the geochemical code
CHESS with ThermoChimie database and coupled to HYTEC. The model includes: i) the rate of alpha-
radiolytic production of H20z; ii) disproportionation of H2O2 at the MOX pellet surface, iii) kinetics of the
oxidative dissolution of the MOX matrix by H20z2; iii) the kinetics of reducing dissolution of the MOX
matrix; and iv) the kinetics of anoxic corrosion of the iron foil, in synthetic COx claystone groundwater.
In Figure 5.2 is shown a scheme with the coupled reactions considered in model. The model was
upscaled to a simplified configuration of a generic disposal cell of cell MOX fuel assemblies in clay rock
(De Windt et al. 2021).
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Figure 5.2. Coupled reactions taken into account in the reactive transport modelling of the homogeneous
MOX alteration in synthetic Cox porewater in the presence of metallic iron. Figure from De Windt et al.
(2021).

Spent fuel model developed by SUBATECH

SUBATECH model included in the comparison exercise of MICADO EU-project (Grambow et al. 2011)
considers water radiolysis and diffusion of species. The radiolysis scheme is calculated with Maksima
code and the effect of dose gradients at the fuel surface is implemented in the radiolytic transport code
Traramo (Lundstrom, 2003). The coupling between the water radiolysis model and the surface reactions
of the spent fuel is performed by electrochemical reactions. The effect of hydrogen is described by an
effect of Hz on the corrosion potential.

Thermodynamic modelling of spent fuel dissolution in a failed canister developed by PSI

PSI developed a batch model to describe the chemical evolution inside a failed spent fuel canister after
saturation with porewater infiltrated from the bentonite buffer in contact with spent fuel or vitrified waste
(Curti, 2021, 2022; Curti et al. 2023). In these models the potential effect of water radiolysis on the fuel
oxidation is assumed to be insignificant based on the consideration that molecular hydrogen from
canister corrosion is expected to protect the fuel surface from radiolytic oxidation. The batch
thermodynamic calculations are performed using TDB2020 database (Hummel and Thoenen, 2023).
Aqueous and solid speciation are determined by equilibrating kinetically scaled amounts of the
interacting materials (fuel, encasing structural materials and carbon-steel canister) with bentonite
porewater filling the canister cavity. The calculations were performed assuming either unconstrained
(chemical system inside the canister is assumed to be closed to transfer of CO2 (and also H2) to or from
any external reservoir) or externally imposed pCO2, equal to the bentonite porewater.

Fuel Matrix Dissolution Model (FMDM)

The FMDM is a one-dimensional reaction—diffusion model (Jerden et al. 2015) integrating the process
scheme of Figure 5.3 implemented in MATLAB code. The mathematical representation of the system
shown in Figure 5.3 involves a set of coupled partial differential equations (one for every component),
which are solved as a fixed-boundary problem by the electrochemical approach employed by King and
Kolar (1999) in the original MPM (King and Kolar, 1999; 2002; 2003; Shoesmith et al.. 2003). The most
important results are i) hydrogen oxidation half reaction balances the hydrogen peroxide reduction
reactions to lower the corrosion potential and “protect” the fuel from oxidative dissolution at even
submillimolar concentrations, ii) hydrogen concentrations greater than 0.1 mM, the hydrogen effect
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shuts down oxidative dissolution of the fuel, even in the presence of 1 mM carbonate, iii) The presence
of a U(VI) precipitate/corrosion layer consisting of schoepite and/or studtite can decrease the dissolution
rate of the fuel by a factor of two or more depending on the porosity of the layer.
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Figure 5.3. Summary of the FMDM reaction current paths and model layout with a surface layer. Figure
from Jerden et al. (2015).

Model of UWO

The model of UWO (University of Western Ontario, Canada) used a one-dimensional model
implemented in COMSOL Multiphysics, with diffusion-reaction expressions solved numerically by finite
element methods (Wu et al. 2012, 2014a, 204b). The preliminary model (Wu et al. 2012) is based on a
series of homogeneous and heterogeneous reactions to determine the influence of redox conditions on
the radiolytic corrosion of spent fuel. The model predicted that the corrosion of UO2 could be suppressed
by the steel corrosion products, Fe?* and, in particular, Hz.

The updated version of the model (Wu et al. 2014a) included: (1) a complete reaction set for the a-
radiolysis of water including the generation of, and the interactions between, the radiolysis products; (2)
the oxidative dissolution (corrosion) of UO:2 driven by H20:2 reduction on both the UO:2 surface and noble
metal particles; (3) the reduction of oxidized surface species (UV/UVI) by H2 oxidation on noble metal
particles and of dissolved UO2?* either by reaction with Hz in solution or with Hz catalysed on the fuel
surface; (4) the reaction of H202 with Hz catalysed by noble metal particles; (5) the scavenging of H202
in homogeneous solution by reaction with Fe2*; and (6) the decomposition of H.O> to O2 and H20.

Furthermore, a two-dimensional model (Wu et al. 2014b) has been developed showing that a simplified
a-radiolysis model which only accounts for the radiolytic production of H202 and H: provides a
reasonably accurate simulation. This conclusion is derived from the comparison of the calculated
temporal evolution of the radiolytic species considering the radiolytic scheme also used in other models
(Elliot and Bartels, 2009; Joseph et al. 2008) and the concentration of H202 and Hz estimated from the
dose rate and the primary yield. The developed 2D model (Wu et al. 2014b) was modified to be applied
to simulate the influence of the redox processes occurring within fractures in SNF (Liu et al. 2016; 2017).
Calculations of corrosion rates for a-doped UOz in a closed system demonstrate that the accumulation
of Oz lead to an increase in corrosion rate. Even though the rate constant for the reaction of Oz is ~200
times less than that of H203, the effect of Oz can be significant since the steady-state [O:] can be greater
than that of H20: in a closed system. However, under the influence of radiolytic H2, the a-doped UO:2
corrosion rates decrease with time to insignificant values (<10-?° mol-m=-s1). The influence of the
temperature and the flow conditions on the UO2 corrosion have been quantified with pore-scale transport
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2D model (Liu et al.. 2020) and 3D model (Liu et al.. 2023) considering non irradiated UO2 pellet and
coupling thermal advection and conduction with chemical reactions.

KTH models: Steady state and mechanistic model

In any system where reactive species are produced at a constant rate, steady-state will eventually be
reached. At this point, the rate of production of reactive species is balanced by the rate of consumption
of these species in the system. The KTH steady state model is based on the conservative approach that
the rate of UO2 oxidation equals the rate of radiolytic oxidant production (at constant dose rate). In a
system where dissolution of U(VI) is not hindered, the rate of dissolution is assumed equal to the rate
of UO2 oxidation. Assuming that radiolytic oxidants are only consumed in reactions with UOz2, the steady
state approach yields the maximum dissolution rate that can be attributed to water radiolysis. The
approach is further simplified to include only H20:2 as the active UO: oxidant on the basis that the relative
impact of H202 amounts to > 99.9 % of the total oxidation potential (Ekeroth and Jonsson, 2003; Jonsson
et al.. 2007, Roth and Jonsson 2008). Hydrogen effects are described by catalytic interaction with the
epsilon phases involved in the reactions: i) Hz with H2O2 (Nilsson and Jonsson, 2008a), ii) Hz with
aqueous U(VI) (Nilsson and Jonsson, 2008b, iii) reduction of oxidized UO2 on SNF surface (Broczkowski
et al.. 2005; Trummer et al.. 2008; Eriksen et al.. 2008). The model predicts that only 0.1 bar Hz will
effectively inhibit the dissolution of the spent fuel aged 100 years or more, while in the presence of 1 yM
Fe?*, even 0.01 bar H2 will be sufficient to stop oxidative fuel dissolution (Jonsson et al.. 2007).

The KTH model participated in the comparison exercise of MICADO EU-project (Grambow et al. 2011),
accounting for the process of water radiolysis and diffusion of species and heterogeneous kinetics at
the SF surface.

Recently, a mechanistic 1D model, coupling kinetics of surface mediated reactions and diffusion in, has
been developed in MATLAB code (Hansson et al. 2023). The model performed simulations using the
full reaction set and a simplified system accounting only for H202 production in the aqueous phase are
in reasonably good agreement regarding the evolution of H202 and U(VI)(ag) concentrations. Surface
site reaction system accounts for the experimental observations of surface-bound hydroxyl radical as
well as the formation of U(V) in the oxidative dissolution reaction with the implementation of: i) the
reaction between Hz and the surface-bound hydroxyl radical, preventing the UO2 oxidation; and ii) U(VI)
reduction on the surface of UO2 by H: ¢-particles catalysed, being the latter the most efficient one
(Hansson and Jonsson et al. 2023).

SERNIM model developed by UPC

The Segregated Radionuclide Identification and Quantification Model (SERNIM) is a semi-empirical
model developed to determine the relative importance of the contribution from different sources on the
total release of a radionuclide. The main objective is to determine how much radionuclide is released to
the solution from the SNF discerning from pre-oxidized phases or fines, matrix dissolution, phases
segregated from the matrix and IRF contribution (Espriu-Gascon et al.. 2020; Iglesias et al.. 2023). The
model is based on two assumptions.

1) The total amount of a radionuclide release at any time is the sum of the release of the
radionuclide from its different locations in the fuel. The model does not take into account any
secondary phase precipitation after the dissolution process.

2) The release of the radionuclide from each source follows first order kinetics.

The mathematical expression derived from these assumptions is represented below:
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N
mpy(t) = Z m(C)gy,oo * (1 - e_k‘t)
c=1

Where “mrn(t)” is the number of cumulative moles of radionuclide released as time t, (in moles),
“m(c)rn,t==" is the number of radionuclide moles released from contribution “c” at infinite time, “kc" is the
rate constant for the release of the radionuclide from the “c” contribution (in day), and “t” is time (in day).
The sources of radionuclide “c” normally considered are: “ma” matrix, “ox” pre-oxidized phases and

“seg” grain boundaries and gap (seg).

5.2 Fuel performance and FGR modelling

Approximately 30% of the generated fission products during normal reactor operations are noble gases
(Xe and Kr) poorly dissolved in the UO2 matrix and, consequently, they are accumulated as gas bubbles
(Olander, 1976; Cacuci, 2010). Many fuel performance codes have implemented empirical correlations
to describe materials properties and FGR distribution in irradiated fuel rod.

In Pekala et al. (2013) the empirical observations included in models are discussed, such as the
correlation of the FGR with the linear heat generation rate and the burn-up degree for BU > 40 GWd/tiHM
(Kamimura, 1992; Spino, 1998), over which the formation of a rim structure is evidenced, acting as a
sink for Xe for accumulation (Johnson et al., 2005). In agreement with these previous findings, a review
of models and experiments conducted by Guo et al. (2022) concluded that most enhancing factors of
the fission gas release are, for most of the fuels, burn up, time and temperature. In a variety of fuels, Xe
diffusion coefficient will decrease with temperature until it reaches a stable value.

A brief description of the mathematical expressions of these phenomena is included in Pekala et al.
(2013) referencing other works (Booth, 1957; Blair, 2008; Van Uffelen, 2002; Pastore et al., 2013). As
described in Tonks et al. (2018) the release of fission gas occurs through three distinguished steps:

i) Fission gas production and bubble mobility through the bulk of the grain (a complete review on
bubble mobility is given in Veshchunov, 2008), bubble growth (Lésénen, 2000), bubble re-
solution (Maclnnes and Brearley, 1982; Olander and Wongsawaeng, 2006; Pastore et al.,

2015)

i) Grain phase bubble nucleation, growth and interconnection with grain edge bubbles (White and
Tucker, 1983; 1994; White, 2004; Veshchunov, 2008; Rest, 2003; Olander and Van Uffelen,
2001).

iii) Transport of gas through interconnected grain edge tunnels to free surfaces for release

(Turnbull, 1974; Turnbull and Friskney, 1987; Turnbull and Tucker, 1974)

Rest et al. (2018) published a review of the basic mechanisms of fission gas release during normal
reactor operation including recommendations for future work structure in the different areas (bulk
diffusivity, bubble nucleation and re-solution, thermal conductivity and gas concentration at grain
boundaries. The authors include a valuable set of key points summarising the behaviour of fission gas
in high burn-up structure.

The calculation of fission gas generation, transport and release is generally included in fuel performance
assessment codes. A description of the mostly used fuel performance codes for the simulation of in-
reactor fuel behaviour and in predisposal/disposal activities is available in Vlassopoulos et al. (2024)
EURAD WP8: Spent Fuel Characterisation and Evolution Until Disposal updated SOTA Report. The
report includes not only a revision of the depletion codes but also an update of the improvement in the
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accuracy and validations of these codes using new experimental techniques and data, achieved during
SFC WP8 of EURAD project.

Despite FGR models implemented in fuel performance codes focus on the release under reactor
operation conditions, they provide value information on the release of radionuclides under repository
conditions. Furthermore, the correlation between FGR and IRF has been empirically demonstrated
(Johnson et al., 2004; 2005; Johnson and Tait, 1997; Johnson and McGinnes, 2002; Lassmann et al.,
2000; Casas et al. 2012; Lemmens et al. 2017). Consequently, the quantification of the FGR is highly
valuable for the determination of the release of some fission products upon contact with groundwater
under repository conditions. Based on the evidenced correlation between IRF and FGR, full-core fuel
performance calculations have been suggested as a tool for estimating IRF in separate fuel assemblies
(Johnson et al., 2004; 2012). However, as the manufacturing parameters are not accurate but subject
to specific error margins, calculations with nominal manufacturing parameters will lead to non-
conservative or excessively conservative estimates. To take uncertainty of the input parameters into
account, Wilks’ order statistics can be applied for FRAPCON fuel performance calculations (Wills, 1942;
Glaeser, 2008).

Tonks et al. (2018) review the recent improvements on the understanding of the fission gas production,
transport and release during normal reactor operation, underpinning the remaining open questions with
suggestions on how address these uncertainties.

Some codes have been particularly developed for FGR analysis, as it is the case of meso-scale model
of irradiated UO:2 fuel behaviour and fission product release (MFPR) (Veshchunov et al., 2006; 2007)
and SFPR code (Veshchunov et al. 2011; 2015) for mechanistic modelling of single fuel rod behaviour
under various regimes of LWR operation (normal and off-normal, including accident).

The MFPR is able to quantify: i) the influence of microscopic defects of the UO:2 structure such as
vacancies, interstitial and fission atoms, bubbles, pores and dislocations on the transport of fission
gases; ii) inter-granular bubble mobility considering volume diffusion, bubble evaporation/condensation
and surface diffusion; and iii) grain face transport of gas atoms incorporating the effect of atom diffusion,
trapping and irradiation- induced re-solution (Veshchunov et al., 2007; Veshchunov and Shestak, 2008;
Veshchunov and Tarasov, 2009; Tarasov and Veshchunov, 2009).

The SFPR meso-scale models include an extended set of microscopic parameters, characterizing the
crystal defect structure, thermo-physical and thermo-chemical properties of irradiated fuel. Such multi-
scale simulations of the key microscopic parameters are based on atomic scale physics, allowing to
predict the macroscopic characteristics of the irradiated fuel and cladding such as cracking, porosity and
grain size (Veshchunov et al. 2015). A state-of-the-art knowledge of micro-mechanical fuel performance
is presented in Michel et al. (2024).

Molecular dynamics simulations have been widely adopted to study the behaviours of fuels and fission
gas at the atomic scale (Moore et al. 2011; Liu and Andersson, 2015; Xia et al. 2022; Galvin et al. 2021;
Guo et al. 2025), including point defects (Wang et al. 2022), dislocations (Lunev et al. 2018), grain
boundaries (Chiang et al. 2014; Borde et al. 2021), Xe atoms and Xe bubbles (Deng et al. 2014; Cooper
et al, 2016; Xiao-Feng et al, 2010).

FRAMATOM FGR model simulations (implemented in the COPERNIC fuel performance assessment
code) has been compared with a database of experimental data of 400 rods covering high burn-ups,
high powers, short to long transients, UO2, UO2-Gd203 and MOX fuels showing the capacity of FGR
models to reproduce experimental data (see Figure 5.4) (Bernard et al.. 2000).
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Figure 5.4. Validation of the FRAMATOM FGR steady-state model against experimental data (Figure
from Bernard et al. 2000).

Other codes, such as FASTGRASS, developed by NRC (USA), has the capability to simulate the
migration of not only fission gases but also volatiles fission products (I, Te, Cs) and alkaline earth
elements (Sr and Ba) (Rest and Zawadzki, 1992)

Simulations based on statistical physics concepts, such as the phase-field theory, have been
successfully applied to modelling the 3-D structure evolution of irradiated fuels. Li and co-workers
(2012a, 2012b) developed a phase-field model to simulate gas atom segregation at grain boundaries
and the effect of interfacial energy and gas mobility on gas bubble morphology and growth kinetics in a
bi-crystal UO2 during post-irradiation thermal annealing (Li et al. 2012b). The application of phase-field
models has the potential to reduce many of the simplifying assumptions used to calculate the gas
deposition rate at grain boundaries.

Pastore et al. (2018) describe the implementation in the BISON fuel performance code of the fission gas
behaviour which couples fundamental physical processes of intra-granular bubble evolution and
swelling with to gas atom diffusion, bubble evolution at grain boundaries, fission gas release due to
grain-boundary bubble interconnection and micro-cracking during transients. The model is validated with
experimental data of fission gas release and xenon radial distribution. Cunningham (2024) simulates
also with BISON fuel performance code the impact of temperature, burnup and power on the fission gas
release. The model solves the heat equation to calculate radial temperature distribution throughout the
fuel pellet.

Recent advances have been published (Magni et al. 2023; Giaccardi et al. 2024) on the implementation
of the inert gas behaviour in the meso-scale software SCIANTIX, for coupling with fuel performance
codes (TRANSURANUS and GERMINAL). The model pairs rate-theory description of helium intra-
granular behaviour (diffusion towards grain boundaries, trapping in spherical bubbles, thermal re-
solution), developed in a first step, with rate-theory description of helium inter-granular behaviour
(diffusion towards grain edges, trapping in lenticular bubbles, thermal re-solution) (Giorgi et al. (2021).
Giaccardi et al. (2024) describes the development in TRANSURANUS to model radioactive gas and
volatile fission products from defective fuel rods with a two-step approach (fuel-to-gap and gap-to-
coolant release).

Numerical modelling of fission gas diffusion in oxidized fuel is necessary to evaluate fission gas diffusion
when oxidation occurs in the nuclear fuel. The diffusivity of fission gas like Kr and Xe, is known to be
higher in hyper-stoichiometric fuel (Rest et al., 2018). The released fission products may present
different behaviours in the oxidized UO2+x fuel (Colle et al., 2006; Cox et al., 1986; Massih, 2018). The
effect of the grain boundary on UO2 oxidation and fission gas diffusion has been simulated in a grain
scale (pore-scale) model developed by Liu et al. (2020). In this method, simulation is conducted directly
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on the images of the microstructure of materials. The thermal-chemical processes coupling heat
conduction and oxidation are directly simulated on the images of the UO2 fuel microstructures (Liu et
al., 2021).

FGR models focussed on Cr-doped fuel are also used for benchmarking fuel performance code
TRANSURANUS (Gonzalez and Sevecek, 2022). The work points out the need to fully understand the
phenomena involved in adding Cr as a dopant in UO2 on the thermomechanical properties.

6. Identified gaps and motivation for the current project

6.1 Instant release fraction
For IRF studies, further studies are warranted in the following areas:

The release of fission gases during autoclave leaching of SNF should be better understood. This is
needed to better describe the relationship between FGR and IRF, which is commonly used in safety
assessments to quantify the IRF of [-129, Cs-137 and Cs-135.

More data are needed regarding the effects of leaching environment and water chemistry on IRF from
SNF. These data are needed to strengthen the safety cases for different repository environments.

Dopants in modern fuel types may affect partitioning of fission products which may influence the IRF.
Some results from the ADOPT studies indicate that the Cr-Al doping will affect the IRF of certain
radionuclides, meaning that how dopants affect the partitioning of radionuclides should be further
studied.

The effects of fuel type, reactor operation and sample preparation can have huge effects on the results
and this needs to be addressed in future endeavours to get a coherent picture of the radionuclide
release, in particular the IRF.

The existing database with experimental data, from the FIRST-Nuclides project, should be improved
and expanded in order to allow grouping of similar experiments. The current database was compiled in
2014 and contains mainly results from expeirments without initial hydrogen in the system. It is in an
Excel format and available via the project website (www.firstnuclides.eu). In any effort to combine data
from many experiments into a single database, care need to be taken to collect information of
experimental detail and select comparable experiments before data are used for evaluating correlations
or formulating models. International efforts are needed to populate this database with enough data to
allow these valid data selections and still have enough data to provide significant results.

6.2 Release of RN from SNF matrix
For matrix release, further studies are warranted in the following areas:

For deep understanding of multiparametric systems and inter-comparison purpose between
experimental data, the specific synthesis conditions of doped samples (including the cooling step) and
the harmonization using a common leaching protocol should be provided.

How dopants influence the UO: surface with regards to the surface-mediated redox reactions involved
in oxidative dissolution and the hydrogen effect need to better understood. For example, is there a
difference between Cr+Al doped fuels and fuels with Cr as a single dopant?

Understanding of the Cr-doped spent fuel pellet structure both at atomic and micro scale to clarify the
redox state of Cr, charge compensation mechanism and to the characteristic microstructure this type of
materials.

Regarding the hydrogen effect, there is need to establish a full picture of the different potential reactions.
This is needed for relating [Hz] with oxidative dissolution rate and dose rate.
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The effect of iron-based materials on the oxidative dissolution: Fe corrosion and hydrogen production,
secondary mineral formation and Fe in solution all have significant effect on the chemical environment
in the near field.

There are still some unresolved questions and discussions concerning what is behind the doping effect
seen by 3-valent elements in the UO2 matrix. In addition, the observed effect of Th (4-valent) is not
understood.

Results from model materials with highly mobile radionuclides (Cs, ) incorporated in the structure are
also missing.

Currently demands on higher burnups, should consider the PCI without and with the presence of
aggressive fission products released by the pellets (e.g. Cs and 1) in fuel behaviour under long-term
storage conditions, and perhaps, to stablish an empirical PCI criterion for high burnup fuel to be disposed
into the DGR. This would require PCI experimental analysis using model materials.

Considering the likelihood that hydrogen can suppress the radiolytic oxidation of UO: in a repository
environment, the non-oxidative dissolution rate in a repository perspective needs further attention.

For both IRF and matrix release, there is a need to improve and expand database with experimental
data to allow grouping of similar experiments.

Understanding the processes that control radionuclides release from SNF is important for dose
assessments in the repository setting. Hence, more data are needed on uranyl secondary phase’s
(formed during the oxidative alteration of SNF) stability, evolution and its retention capacity of
radionuclides.

6.3 Effect of grain boundaries on the leaching behaviour

The actual radionuclide inventory residing in grain boundaries has proven hard to determine.
Theoretically, it varies between fuels depending on burnup and temperature, but there is a dearth of
experimental data to verify and quantify this fraction.

In general, there is a need to understand how grain boundaries participate in the dissolution process.
For spent fuel leaching experiments, novel methods to separate the grain boundary release from the
gap and the matrix are needed.

Improved knowledge of the character of grain boundaries, such as the lattice mismatch or degree of
non-stoichiometry, combined with observed behaviour during leaching is an important complement to
the spent fuel experiments.

Experiments using model materials with highly mobile elements (Cs, I) incorporated in the structure —
fully or to some degree in grain boundaries — are also missing.

Analytical techniques that focus on the grain boundaries need to be explored, with regards to their
various applications ranging from determining the content of segregated elements, to characterizing the
grain boundaries crystallographically as well as observing their response to leaching.. More studies
using for example FIB and TEM would improve the knowledge base regarding expected radionuclide
release from grain boundaries.

6.4 Mechanistic models of SNF leaching

For the improvement of the mechanistic models the following areas need to be explored with the
fundamental need to combine modelling and experimental efforts:

Improve knowledge on the impact of simplifying the radiolytic scheme considered in the SNF corrosion,
such as the effect of considering only H20:2 in the oxidation of UO: (versus considering also the radiolytic
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O2) in dependence of simulating an open or closed system and the quantification of water radiolytic
species in presence of chloride.

To distinguish between dissolution from the matrix, cracks, grain boundaries and the gap at scale of
SNF pellet and to better quantify the effect of the gap and the high-burn-up structure in the instant
release fraction and matrix dissolution.

Quantification of the effect of different amount of epsilon particles on the release of fission and activation
products as well as matrix dissolution.

Interpretation or transposition at the DGR scale: which process(es) prevail in the different phases
expected in repository conditions (e. g. Fe/H2 effect).

Improvement on the mechanistic understanding of the process occurring in the spent fuel matrix surface
with H20:.

6.5 FGR modelling

Uncertainty estimations from fuel performance calculations related to FGR have not been taken into
account while comparing experimental FGR and IRF in previous investigations. Including the whole
chain from uncertainty of input parameters until the FGR/IRF experiments for the same rods in fuel
performance analysis is one of the motivations on this topic for the current project.
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