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1. INTRODUCTION

The moment a oclearfuel assembly is discharged from the reactor it becomes spent nuclear fuel (SNF).
¢tKAa GSNXY A& YdzOK Y2NB dzaSR (KlIy So3aods adzaSRé 2N aA
nuclear fuel first received considation in the late 1970s (Johnson and Shoesmith 1988) and is actually

the main option for several European countries, such as Sweldiatand,Spain Germany Switzerland.

Thisreport will focus on SNpropertiesas waste materiadnd has the double aim to be a short introduction

to the field for nonspecialists, generalists, young researchers, etc., as well as to be valimble
organizations involved in SNF management programs {éagteManagement Organizations (WNQand

their spent fuel specialists. This was attempted by discussing the most important issues for the
performance assessment of a spent fuel repository, providing many refereaocesiming to explain the
concepts and the methods as simply as possible. The aushoonscient that this is a very difficult task,
much more so because no previous State of the Art reports exist, except one on instant release fraction
(Kinzler and GonzaleRobles 2013). On the other hand, reports on the same subject have been published
more than two decades ago (Johnson and Shoesmith 1988) and quite recently (Shoesmith 2013, Carbol et
al. 2020, Grambow 2021).

Many types of SNF exist, however as the vast majority of the SNF kept in starBgeountriestoday is

UG and MOX Ilixed OXde of U and Pufuels, these fuetypes will be given most focus. Additionally, the
accent in tke chapter, when it comes t@xamples for aype of repository, is laid on a deep granitic
repository since thisneis closest to a stewise implementatiorand also the author is most familiar with.
ECprojects related to spent fueChemistry of the Reaction of Fabricated and High Burnup Spent UO2 Fuel
with Saline Brine¢Grambow et al. 1996)Source term for performance of assessment of spent fuel as a
waste form(Grambow ¢ al. 2000),SFSPoinssot et al. 2005]NCAN(Oversby 2005)NFPRO(Grambow

et al. 2008),MICADO(Grambow et al. 2010 FIRSINUCLIDE&ienzler et al. 2014DISCJEvins et al.
2020) have contributed much to an increased knowledge in the field of spent fuel as a wastetlfierm
author has had the privilege to participate in most of them.

The report starts with a discussion of how the eamt fuel gets its actual compositioduring reactor
operation, with emphasis on fuel properties important for its behavior in the repository, sascimstant
release fraction or fuel matrix dissolution behavior. A short description of interim fuel storage (wet or dry)
follows, discussing also some specific issues such as fuel drying and damaged fuel rods. The inventory of
spent fuel as a waste formncluding radionuclides in the metallic parts of fuel assemblies is discussed
next, as well as other repository relevant properties related to it, such as the radiation field, its evolution
with time and the residual heat. A very short discussion of gbasure criticality follows, treating only its
longterm repository aspects. The major emphasis is laid on spent fuel oxidative dissolution, first in
presence of air, then under conditions relevant for European repository concepts. The progress in the
recert years in spent fuel modelling by a more appropriate treatment of interfacial reactions is discussed
next and thereport finalizes with a treatment of longerm changes occurring in spent fuel in a sealed
canister, such as radiation damagehelium buildip.

2. GENERAL DESCRIPTION OF NUCLEAR FUEL TYPES AND
REACTORS.

There are several types on nuclear reactors including experimental, isotope production, ship propulsion
and nuclear power reactors (that produce electricity). Nuclear power reactors are baseleonse of

thermal neutrons (slowed down from ~1 MeV to ~0.03 eV in an appropriate moderator, e.g. water, heavy
water (xO) or graphite), or fast neutrons (Olander 2009, Bailly 1999). The main types of nuclear power
reactors developed that use thermal neotrs are LWR reactors, which include Boiling Water Reactors
(BWR) and Pressurized Water Reactors (PWR). PWR reactors build in the former USSR, called VVER
reactors, are present in some Eastern European countries and Finland. Pressurized Heavy Water Reactors
that use heavy water as moderator, were developed mainly in Canada (CANDU reactors) and are also
present in some Eastern European countries. Graphite moderated and gas cooled reactors were developed

in UK and include Advanced Gemoled Reactors (AGR), igh use U@fuel and C@gas as coolant.


https://cordis.europa.eu/project/id/FI2W0055
https://cordis.europa.eu/project/id/FI2W0055
https://cordis.europa.eu/project/id/FI4W950004
https://cordis.europa.eu/project/id/FI4W950004
https://cordis.europa.eu/project/id/FIKW-CT-2001-00192
https://cordis.europa.eu/project/id/FIKW-CT-2000-00019
https://cordis.europa.eu/project/id/2389
https://cordis.europa.eu/project/id/36366
https://cordis.europa.eu/project/id/295722
https://cordis.europa.eu/project/id/755443
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The light water reactor (LWR) fuel rod typically consists of a stack epeli@ts inside a Zircaloy cladding
(Figure 1, left). The rods are assembled into arrays containing 50 to 300 rods which are dabéd
assembliegFigurel, right). Several fuel assemblies constitute treactor corein an arrangement that: (i)
provides a rigid structure for holding fuel elements; (ii) delivers the desired thermal power to tiardo

(iii) provides a critical assembly with a minimum of neutron leakage (iv) provides adequate coolant flow
to remove to remove fission heat and sufficient coolant volume for thermalization of fission neutrons (v)
accommodates control rods that maintaicriticality as the fuel is consumed (Olander 200%he
predominant fuel for the present generation of nuclear power reactorarenium dioxidein the form of
ceramicpellets
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Figure 1: Fuel rod (left, from Olander 2009) and fuel assembly (right, www.world-nuclear.org).

contained in a Zbased alloy cladding rod (Shoesmith and Johnson 1988). Natural uranium (G37Q2)%
can be used in CANDand other heavy water moderated reactors, while light water moderated reactors
(LWR), require Ufxhat has been enriched with a fissile nuclide, usuaHy%23%U. In MOXfuel, UQ is
enriched with 515%2%°Py, originating from fuel reprocessing or atotniveapons programs.

3. THE GENERATION OF FISSION PRODUCTS AND HIGHER
ACTINIDES IN A NUCLEAR REACT®®OW DOES SPENT FUEL GET
ITS ACTUAL COMPOSITION.

Spent nuclear fuel is probably one of the most complex solids in the universe, not only beceos&ins

more than 60 chemical elements in different phases, including gas bubbles, metallic particles and solid
oxides in solid solution with UQor as separate phases, but mainly because of the process-situn
creation of new elements by fission ané@utron capture in a nuclear reactor. A short description of how
spent fuel gets its actual composition due to several processes which occur simultaneously in a nuclear
reactor is given here, more can be found in specialised works (Olander 1976, Balll$39%). The process

2 T & 0 deNtileAfu€ldréa nuclear reactor and the generation of the fission products is connected with
nuclear fissiorprocess, presented schematically f5PU as:

23%J +n (thermal) =*%¢U* = 2 FP + 2.1n (average)


http://www.world-nuclear.org/

3.1.1 Spent Nuclear Fuel; State-of-Knowledge

In this pracess, the fissilé®*U nucleus when hit by a thermal neutron (neutrons that are in thermal
equilibrium with the medium they interact with) produces an instaBt®U nucleus, which is split in two
smaller nuclei calledission productgFP) and B neutrons(which can cause other fissions), as well as
gamma photons and a very large amount of energy (~200 MeV). Fission is accompanied with a small mass
f2aa o0dnom:03 GKAOK Aa O2y@SNIUSR {22 MogtdiNmEstenergp O2 NRA Y
(~-80% manifests itself as kinetic energy of the fission fragments, which travel about 8 um before being
stopped and dissipate the energy as electronic excitations. Throughout this path, referredfissims

spike and across a diameter ~10 nm, fuel atoms aeey excited and the local temperature may exceed

the melting point. The amounts of energy released during fission (or nuclear fuel burning) &80%0

times higher than the energies of chemical bonds (typical while burning coal or oil in a thermabneact

This enormous amount of heat needs to be evacuated, first by thermal conductivity from the centre of the
fuel rod to its surfacestill the temperature difference between the centre of the fuel rod and the surface,

only 45 mm away, is several hundredegrees. The fuel rods are filled with pressurized He, which
facilitates heat transport to the cladding, and highater flows (ni/s) in the reactor evacuate heat to the
coolant water. The high flows cause vibrations in the more than 4 m long fuel rodsingret the grid
spacers is the main cause of cladding damage). The changes in fuel composition caused by fission and
neutron capture generally decrease the heat conductivity of the fuel and the same effect is caused by the
accumulation of heavier fissiogases (Kr and Xe) in the gap between fuel and cladding. The fuel expands
thermally and more at the hot centre, which creates stresses, resulting in cracking of the fuel pellets to
10Mp LIASOSa YR aFdzSt orheYiss®rRprogedsicrest fistionypriadhidig ofivalendes ®
lower than 1V, e.g. Nd(lll) or Sr(ll). Their occupation of the place of a U(IV)sriesekcess oxygem the

fuel matrix. In this case the neighboring U atom is formally U(V), leading to stronger attraction and
shortening of YO distances.Thus, he lattice parameter of LWR fuelss determined by XRD -Ray
Diffraction) decreases with increasing burnwgi constant @M (oxygento-metal) ratio (Kleykamp 1985,
Davies and Ewart 1971, Spino and Papaioanou 2000). Latehemprbduction of fissiorgases and solid

fission products causes fuel swelling, which together with fuel thermal expansion and cladding creep
results inclosing of the gap between fuel and cladding. The steep radial temperature gradient from the
hot centre to the fuel surface causes thermal diffusion of gaseous and volatile fission products, which
migrate from the center of the grain towards grain boundsariand further towards the gapt any given

burnup, the temperature in the centre of the pelletscTs roughly proportional to théinearpowerrating

(LPRYf the fuel, which is the energy production rate per unit length of the fuel rod. LWR fuepisatiy
irradiated at lifetimeaverage linear powers of 135 kW/m (800 °& T <1200 °C). The temperature in the

fuel determines the thermally activated diffusion and has thus a considersigigificance in the Fission

Gas Release (FGR), the migratiowatile or other segregated fission products, and the microstructural
OKIF NI OGSNRaGAOE 2F (GKS Fdz8§t o63aINI Ay aAT SsT 31 & o0dzoof S
both in elemental state and a part of their compounds are gaseous attog temperatures (Bailly et al.

1999, Ferry et al. 2005).

Extensive measurements have shown that the atomic mobility in operating nuclear fuels is effectively
athermal below 1200 Kfrom about midradius to pellet surface)it is instead proportional tdahe fission

rate (Matzke 1980, 1987). This radiation enhanced diffusion arises from thermal spike and pressure
gradient effectsalong thefission trackg{Matzke 1982, Roncland Wiss 2002).

Fission can occur also spontaneously for heavy nuclides and in this case, it is a type of radioactive decay.
Besides fission, in a nuclear reactor neutron capture in¥g nucleus also occurs and produces higher
actinides:

238u+ ln - 239Pu

23%py is fise, like23%U. On the other hand?**Pu itself is susceptible to further neutron capture which
leads to the formation of4°Pu. Due to the irgrowth of 2*Pu and?*°Pu during irradiationPuis the heavy
metal element with the second highest concentratimnspent nuclear fuel afteld. Neutron capture occurs
also in lighter nuclei e.§Co +'n =%%Co in atoms present in the metallic structure of fuel assemblies or in
impurity atoms such a®°Cl, N present in the fresh fuel. This neutron activated intey needs to be
accounted for in the overall radionuclide inventory (see secfipn

Besides linear power ratingburnup (BU) is the other major irradiation parameter affecting fuel
characteristics. It is usually expressed in units of megawatt days per kilogram uranium (W§\d) or
Gwd / t U. For Mixed Oxide (MOX) fuel, the burnup is expressed in MWd/kg HM, where HM stands for

3
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Heavy Metal, i.e., U and Pu. Burnup can also be expressed as fraction of fuel atoms that underwent fission,
in % FIMA (Fissions per Initial MetabAt). The average discharge burnup of spent fuel has been increasing
over the years due to requirements of better fuel utilisation and improvements in reactor operation
technology. A rule of thumb is that ~10 MWd/kg U is produced by The explanatioto how burnups

of 70 or 80 MWd/kg U can be achieved with fuel of only 4 % enrichment is that a significant fraction of all
fissions in the lifetime of the discharged fuel occurs?i®Pu; depending on the initial enrichment and
burnup of individual fuelads, it may even be higher than the cumulative fission&10.

The breeding of*°Pu is largely due to resonance epithermal neutron captur&id. Due to the high cross

section for the resonance capture, this event primarily occurs at the outer rirtheffuel pellet (the

interior of the pellet being shielded from incoming neutrons of the right energy?®¥y atoms at the

outside of the pellet). The higher rate of production4fPu at the outer rim of the pellet in turn leads to

a higher fission ratand a local burnup -3 times higher than the pellet average (Matzke and Spino 1997).

In UQ fuel at local burnup above 50 MWd/kg U and temperatures below 2@00nn s/ = | GNI yaf¥
microstructure calledHigh Birnup $ructure (HBS) is formed, consisting of small grains of submicron size

and a high concentration of-2 um pores (Rondinella and Wiss 20@ntaining fission gas at extremely

high pressures. The fuel matrix at the rim is depleted of Xe and Kr, which collect pothas during the
restructuration, but Cs remains in the matrix, because it is liquid at these temperatures (Walker et al.

1996) The HBS structuris alsoobserved inMOX fuel, irthe Purich islandswhere fission density anthe

corresponding local burup exceed the HBS formation threshol@fhe mechanism leading to the

subdivision of fuel grains from the original ~10 um to #g@ains of 0.10.3 um is probably due to
L2fted2yAl A2y ONB2NAI y-aRAdiRIZNE 2 TRRYX 14X Pllds AR B ER A W S G £

MOX fuel has slightly lower thermal conductivity and operateigher &, whichresults in higher FGR
than UQ fuel, but this difference decreases with a homogeneousdiatribution (Masih 2006, IAEA
2003p). The burnup of CANDU fuellswer (612 MWd/kg U) but it is operated at higher linear power
ratings 2050 kW/m ¢ n n ef m ¥ ntnthas LWR fuel (Johnsaand Shoesmith 188). AGR fuel has
generally lower burnups than LWR (up to ~40 MWd/kg U) and has typically low FGR (up to40% at
MWd/kg U), unless carbonaceous deposits cause increased FGR (Cowper et al. 2016).

4. THE CHEMICAL STATE OF THE FISSION PRODUCTS AND
ACTINIDES IN SNF.

The chemical state of the fission products has been analysed thoroughly in several early publications
(Kleykamp 1985, Kleykamp et al. 1979, 1993, Imoto 1986, Cordfunke 1988). Accordiegkardp(1985),

the most significant chemical property of oxide fuels, e.g..d@d MOX s the equilibrium pressure of
oxygen in the gas phase of the fuel rod. The reltpartial molar Gibbs free energy of oxygen, or the
oxygen potentiabf the fuel, has a major influence in the chemical state of the fission products and on the
oxidation of the cladding.

Another important factor affecting the chemical state of the fuslthe compositional changealuring
irradiation resulting from the fission process. Fission products are generated in large numbers, with typical
distributions depending on the fissile nuclide and the neutron energy. The fission yiel&f8Uoand?3Pu

with thermal neutrons are shown iRigure2, together with a schematic view of cracked spent fuel pellets,
pellet-cladding gap and grain boundaries (right).
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Figure 2: Fission yields (in % per fission) of various fission products as function of the mass number for the thermal
fission of 235U, 23°Pu and 233U. Left figure: https://en.wikipedia.org/wiki /Fission_product_yield,
right figure: Fors (2009).

As seen from the figure, the thermal neutron fission?®tJ has two maxima around the mases 95+15 and
135+15, which explains e.g., the high fission yield$°8f, 1?°l and*"Cs and other isotopes with mass
numbers near the maxima.

The chemistry of theuel-fission product system during and after the radiation is characterised by several
phenomena: a) the fission product concentrations increase gradually during the irradiation process, b) the
i -active fission products change their chemical properties ttuthe decay during and after the irradiation
process, c) the oxygeto-metal ratio (O/M, M=U+Pu) and the oxygen potential of the fuel change during
burnup with an increase of the O/M ratio of the fuel, d) axial and radial temperature gradients ifu¢he

rod resultin material transport phenomena and thermal diffusion processes which cause compositional
gradients. At higher inner clad temperatures, the reaction behaviour of cladding has also to be considered
with regard to the mass balance of the fufedsion product system. Finally, in the case of faifedl rods

the coolant is involved through reactions with the fuel and the fission products §sBe

The binding of the various cations in an oxide fuel is realized through oxygen atomshdinecal state of

the fission products and actinides in the fuel can be predicted by calculating the total number of the cations

of fission product elements produced and coupling them with oxygen in the order of chemical stability.

The most common way oepresenting such data is through an Ellingham diagram (Ellingham 1944), a plot

of the partial molar Gibbs energy of oxygefi@ against temperature. The chemical stability of an oxide

at a given temperature can be estimated by the equilibrium partiedsgure of oxygen or thexygen

potential. Stable oxides, such as uranium dioxide, have strong roetaden bonds and low oxygen
LI2GSyiGAltad hiKSNI YSGFf &Y &adzOK a4 tRX KI @S NBfFGA@GSE
strongly, seeFigure3.

As seen irFigure3, which is an Blhgham diagram for spent fuethe equilibrium lines for Ag, Pd, Rh, Ru,

Te, Tcwith their corresponding oxideare much higherthan the line for U/UQ;, hence these fission

products cannot bindto oxygen in the spent fuel matrixtheir oxides would dissociate at the oxygen

potential of the fuelandi KS& &SINB I 4GS FTNBY (KS Hpaakisior FddeSrient Y I (i NRA E
metallic particles or white inclusions). On thether hand,uranium and other actinidesas well as some

fission productssuch as the lanthanidensand e.g.Zr, Sr and Ba binakygenmuch strongeyas indicated

by their low equilibrium oxygen potentials, hence they remain dissolved in thenurix. This doping of

the UQ matrix with cations of lower valence (e.g.,*SrEu?) or tetravalent cations (Zt, P#*) which

cannot be oxidized higher in solid state has important consequences for fuel dissolutiosetsam 11).
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Figure 3: Relative partial molar Gibbs free energies of oxygen of the fission product oxides and of UO2+x and
Uo.sPuo.202:x . d: oxide decomposes sb: oxide sublimEsom (Kleykamp 1985).

Theoxygen potentialof the fuel increases during burnup, buery little. No oxidation as increased X in
UG+« is observed andthe oxygen potential is buffered around the values for Mo(s)*#KdoOx(S)
equilibrium. At the end of tharradiation, the fuel is nearly stoichiometric and the oxygen potential is
slightly lower at the rim than in the center of the fuel pellet (Matzke 1994, 1995). At high temperatures,
Zr of the cladding also acts as excess oxygen getter, formingfsfr@leykamp 1979, Matzke 1995pr a

more detailed description of the oxygen balance in udeeél see e.g. (Olander 2009)ater, direct
measurements of the oxygen potential of low (Une et al. 1991) and high burnup (Matzke 1994) fuels by
the solid electrolyte technigue confirmed the absence of fuel oxidation. The excess oxygen created during
fisdon is fully neutralized by the oxidation of Mo in the metallic precipitates (Kleykamp 1985) and the
inner surface of Zr cladding (Matzke 1995, Kleykamp 1979, 1990).

Kleykamp (1985) classifies the fission products in four groups (in parenthesis areogfingnelements
added to the group by Ferry et al (2005)):

1. Volatile and gaseous fission products: Kr, Xe, @s];Rb, Te)
2. Fission products forming metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, SnT8p, Se,
3. Fission products forming oxide precipitates: Rb, Cs, Ba, Zr, Ni§evite;

4. Fission products dissolved as oxides in the @&rix: Sr, Zr, Nb, Y, La, Ce, Pr, Nd, Pm, Sm, Eu and
the actinides (Ra)
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3.1.1 Spent Nuclear Fuel; State-of-Knowledge

There are continuous transitions between group 2g (3) due to similar oxygen potentials of some fission
product oxides and the fueF{gure 3, which changes its composition during the fission procEtsments
which readily substitute for uranium in the uraninite structure, like tbiner actinides awl rare earths
(group 4in the above clasification are expected to remain atomically dispersed within the host matrix
(Kleykamp 185, Hockinget al. 1994, Johnsoand Shoesmith 1988Another term frequently used is that
actinide and lanthanide oxides fior solid solutions with U®

An important factor to consider is theolubility of the newly formed oxides in U(). Thus, La0s oxides
(REEDXxides) are usually very soluble in {§) even at high content, so the lanthanides are always in solid
solution with UQ and do not segregate (Kleykamp 1993, 198H)ese properties, i.e. the low oxygen
potential and the large solubility in W@ssure that the lanthanide ionsill be homogeneously mixed in
the spent fuel matrix and can be released only thgh fuel matrix dissolution.

This is not the case for fission products that have limited solubility ig th@y tend to segregate to grain
boundaries and ultimately be excluded to the veigaces within the fuel rodSr is predominantly dissolved

in UQ, while only a small fraction of Baxide is dissolved in UOthe majority of Ba is precipitated o 3 NS &
LIK I 3 ®hich areperovskite type oxidesf general formula (Baw Sk Cs)(U, Pu, Zr, Mo, RE)@Brey
phases are typical for fuel which hagperienced very high temperatures, they are usually not observed
in standard LWR fuel.

Several other processes, such as radiation damage, should be considered while making thermodynamic
predictions for the chemical state of fission products in fuel (Kdneet al. 1996). Thus, Csl is rarely
observed in spent fuel, even though it should form according to thermodynamic data and predictions. The
same holds for G8U, Pu) @, predicted by phase studies in the-09 system, but never observed as a
ternary oxde in LWR spent fuel.

Metallic particles As mentioned before,ertain metal/oxide systems, as Ag, Pd, Rh, Ru, Te, Tc, Sh, Cd, In
and Sn have oxygen potentials which are higher than that of ¢d@taining various amounts of Pu. These
fission products areéhen expected to exist in metallic form in the fuel matrix. The atoms of these fission
products are produced in fission events and through thermal diffusion meet other atoms which also are in
metallic form and form metallicalloy particles. The diffusionsi more intense in zones with high
temperature, thus in the central part of the fuel pellet the metallic particles are larger, while at the rim of
the pellet,where the temperature is lowerthey are extremely smallThe metallic precipitates formed in
fuel NB dz& dz t f &-phkse &lISyEconBhmiyglnfainly Mo, Ru, Tc, Rh(Kdykamp et al. 1985, Cui

SG td wnanmuI . dzO\ -parnickes,imetallic aStiéles-deRentCaloly pagifles or white
inclusions.The particle sizes detected b¥EM are 18 nm at the rim(Thomas et al. 1989, Matzke et al.
1989, Ray et al. 1992At the rim of the fuel pellet, differences in metal particle composition due to the
different Pu fission yields are also reported (Cui et al. 2012, Adachi et al. 1990)instieased burnup,

the yield of the components of metallic particles increases and the number of metallic particles also
increases. From the yield of fission metal particles during nitric acid dissol(@dachi 1990Q)it can be
deduced that a large pauf these particles is extremely small (a few atoms), hence easily dissolved by the
acid.

Other phases occur in the gap between fuel and cladding by condensation of volatile fission products and
by chemical interaction of fission products with claddingy(&rk(s) or ZrKs)).

To summarizeafter irradiation in the reactorthe pellet is cracked to @5 piecesand the majority of the

fission products (~95%) and actinides are homogeneously distributed in the fuel matrix at the place they
are created by fission. A certain percentage of gaseous and volatile fission products (Cs, Rb, I, Te) have
migrated to the gap, to cracks in the pellet or to grain boundaries, while other fission products are

& S 3 NXB 3 I-padidees dér gegregated oxide phase

5. INTERIM STORAGE OF SPENT NUCLEAR FUEL, WET AND DRY.

After discharge from the reactor, the spent fuel is stored in pools at the reactor site-8oydars or more
to allow for the decay of the very shalived nuclides. Afterwards the fuel is transferrexlwet or dry long
term interim storage. The numbeof dry storage casks increases globaymyhow about 80% of all
discharged fuel is stored in wet cooling ponds (IAEA 2013g.to the absence of operational repositories
for spent nuclear fuel today,rmextended interim storage is necessafo maintain retrievability and
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transportability may become more challenging over extended storage pefii@dsA 2Q0). Even though
spent fuel is able to withstand longrm interim storage without major modificatiorf its disposal
relevant properties, someotential effectsneed further consideration

Duringdry interim storage high priority items are the stress corrosion cracking (SCC) of welded stainless
steelcanisters and the hydride effects (reorientation a@ahbrittlement) of high burnup fuel claddinand

its relation with the Ductildo Brittle Transition Temperature (DBTWhich is a key parameter regarding
the transport after dry storageBillone et al. 2013Grambow?2021).

The transport of spent fuel and the dry interim storage require spent fuel drying before its storage in inert
gas atmosphere (He, Ar). The presencégdf 4t SNJ Ay RNE ai2NJF 3S Ol fadialysS NE A a c
of water vapor produces oxygen, which can oxidize spent fuel with damaged cladding at the relatively high
temperatures of dry storage (Jung et al. 2013, Shukla et al. 2019, Bryan etl8l.. Zixidation of spent

fuel by oxygen has been thoroughly studied as function of temperature (Hanson et al. 20@8%pent

fuel is oxidized to kDe+x(usually up to U@s) at temperatures below 23@50 °C and relative humidity
below 40 %, based on theath of (Hanson 1998, fEiiger et al. 1992, Thomas et al. 1989, Thomas et al.
1993).This is due to the increased stability of the cubic structure £d(s) by the presence of the fission
products and the oxidation proceeds ta@b+x up to~UCz.4. The fomation of O7(s) phase, typical during
oxidation ofUQ; in air, is not observed for spent fuel (Hanson 1998, Thomas et al. 1993). Temperatures
higher than 230 °C are needed to formy@d(s) (Enzigerand Cook 1985, Einzigeand Strain 1986), a
transformation which is accompanied with volume increas8%) due to the passage from a cubic to a
tetragonal phase (Taylor 1989)hiscan cause cladding rupture due to fuel swelliatso calledunzipping
(Einziger and Strain 1986, Hanson 200)e rate law fofuel oxidation to UOs is not valid for CANDU fuel
(Hanson et al. 2008piven its much lower doping and burnup than LWR fuel.

Wet interim storageposes lesproblems to the cladding and the fuel (IAEA 1998, 2006, 2013), but requires
radionuclide separation from the cooling water and increases waste production. Breached fuel rods (if
present) are leached through processes similar to these discussed lateudbdissolution under oxic
conditions, seesection 11.

6. DAMAGED FUEL RODS

Fuel cladding Duringirradiation in reactor the spent fuel is separated from the coolanttig cladding,

usually a ~0.8.7 mm thick Zidoy tube, which is very corrosion resistant. Due to the high coolant
temperature, a layer of ~3000 um ZrQis formed in contact with water and the excess oxygen during
fission causes a ~B0 um thick Zr@layer on the inside (Gras 2014). The atomic hydrogen produced during
zirconium corrosion in water is partially (2D %) dissolved in the metal and can form zirconium hydrides
(ZrH) at lower temperatures, when the solubility of hydrogen in the metal desesa On the surface of

fuel rods deposition of CRUD (Chalk River Unidentified Deposits) is observed. CRUD investigations have
shown that it consists mainly of particles of corrosion products of the metallic parts in the reactor primary
circuit (hematite FeOsor NiFe/ NJ YAESR 2EARS& 2NJ aLMAyStQao FyR AyOfd
2011, Chen 2006). Estimations of the radionuclide inventory in CRUD are not simple and are usually based
on measurements at the reactor site during prolonged periods (SKIBI2 Betova et al. 2012).

The frequency of cladding damaged rods per year in the reactor has decreased from about 1% in the early
nuclear power reactors to about qor 0.001%) today (Olander 2009, IAEA 2016). The mechanical damage
(fretting) represens the majority of cladding damages (IAEA 2003b, IAEA 2010, IAEA 2016), other
mechanisms include damage by debris in the coolant, hydrogen embrittlement, gdldtling interaction

(PCI) (Cox 1990), delayed hydride cracking (DHC) (IAEA 2010, MottaCdt%l. 2

6.1 Oxidation of damaged fuel in reactor and during wet interim
storage.

Given the high temperatures in the reactor, water vapor oxidizes the fuel in the breached rod according
to: UG + xH20 = UQux+ xH2. The oxygerpotential is determined also by the equilibrium® = H+ %2 Q
at the given temperature. Hydrogen from fuel dation by water and especially from internal cladding
corrosion by water vapor limits the oxidation to only ~k®in the part of the rod away from the defect
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where B accumulates, while at the defect itself and especially for a large one, the oxidaiobe more
pronounced (up to Ugxs Uneet al 1995). More on fuel oxidation in the reactor, the influence of radiolysis

(Li and Olander 1999) etc. can be found in specialized references (Olander et al 1999, 1997, Olander 1986,
1998 Abrefah et al. 1994).

The damaged fuel rods pose problems, because thatiolytically promoted oxidatiosissolution
continues during wet interim storage, until they are dried and packed in hermetic vessels under inert gas.
The inventory released in the reactor (given the high flows, most of the fuel loss in reactor gealkfect

is due to fuel washout) and the one in wet storage are difficult to evaluate, thus usually the complete
inventory of the rod is assumed present in the repository. It is not straightforward to evaluate the behavior
of pre-oxidized fuel in the repsitory as compared to undamaged fuel. A few tests under hydrogen with
pre-oxidized fuel through several years leaching under oxic conditions indicate massive U precipitation
and formation of U(I\fparticles after test start. The concentrations of actinide® about one order of
maghnitude higher than the solubility of the tetravalent oxides and measurable releases of Cs and Sr occur
during at least one year (Puranen et al. 2017, Cowper et al. 2019, Fidalgo et al. 2020). Anyhow, the releases
seem to be veryimited after this initial period. This is an area where more research efforts will be needed.

7. FUEL INVENTORY AND REPOSITORY IMPORTANT PARAMETERS
RELATED TO IT.

In safety assessment®f nuclearfuel repositories, the boundary conditions are governed by tia€lio-
toxicological impact of individually released radionuclides rather than bytthal amount of released
elements. It is therefore important to understand the amounts, types and levels of radionudhdie
total inventory in order to make longerm predictions of the SNF behavior in a deep underground
repository. Usually in everysafety assessment, a selection dbse relevant nuclideHumel 2017, SKB
2010d) is made, whicexcludegadionuclidedn very low concentrations or very short lives. Rtimuclides

in this list,speciation,solubility products, sorption and diffusion coefficients in bentonite near field and
sorption and diffusion coefficients in the far field are needed

Out of 977 fission products listed in databases, many have verst Balf-lives, in the range of msec (30%),
sec (28%) or min (16%). Fission producithwumulative fission yields >0.001% for both U andaPa 7
long lived FP"{Se,®3Zr, °°Tc,197Pd, 126Sn,129,135Cs) and 7 mediurtived €H, 8°Kr, %°Sr,21mSn 137Cs,151Sm,
155Eu)these are generic candidates for dose relevant nuclidéBe, *“C and''*™Cdare not important as
FP (low yields), but are produced also by neutron activatioth@reactor. Somenuclides with haHives
longer than 100 years and didient production are’Be,4C,36Cl,*'Ca,>*Ni, ®Ni, 7°Se,*3Zr, **Nb, **Mo,
108mpg, 166mHp, Actinides and some of their decay products with Halés higher than 100 days are
potentially dose relevant, i.€3%Pa,??8Th,?2°Th,23%Th, ?2’Ac, ??°Ra,??*®Ra,?'%P0,%1%Ph.

Radionuclide inventoriggheir evolution with time due to decayeat generationand theradiation field
of spent fuelare typically calculated using code packages S8KRALEStandardized Computer Analysis for
Licensing Evaluatiy (Rearden and Jessee, 2018, Wieselquist et al. 202 neutron flux during fuel
burning depends on the irradiation histoffuel loading pattern, core operating parameters, control rod
sequence, cycle length etcwhichis important to beacquired fom reactor operatorsn order to calculate
burnup, fission gas release, residual heat atsb thecontent of fissile material needed.g.,in criticality
calculations.The computer program RIGENOak Rdge Isotope GEMration) used forcalculating the
isotopic concentrations, decay heat and radiation source terms in spentisugéveloped as part of the
code packag&SCALERearden and Jessee, 201®%/ieselquist et al. 2020Uncertaintiesin the calculated
inventorycan be about 2% for Bind Pu contents, 7% for fission products and 11% for minor actinides (SKB
20104 IAEA 20011 Uncertainties in activation produanpurities (*C,3¢Cl) contents can be much highas
often no measurement®n their initial content areavailable and upper dunding values from material
specificatiors for inactive trace impuritiegre usedinstead.
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irradiation in the pressurized water reactor (From Carbol et al. 2020).

The decay of shosived fission products will lead to a change over thousands of years in composition,
radioactivity and heat productionJarbol et al. 2020For equal burnupresidualheat generation is higher

for MOX fuel than for UOX fuaind ®oling remains necessary even after 200 years of déGaambow
2021) Radioactive decay of fission products amctinides affects the properties of the nuclear fuel over
time, such as theesidualheat productiondiscussed abovand the nature and intensity of the radiation
field surrounding the fuelThisgoverrs shielding requirements during extended storagadiolysis effects
during disposal and radiotoxicity evolution over millions of years.

¢KS YI22NARG& 27F TA aemisfiofi. MoN.Bf Redi€sioi prodst® hade réadively short

half-lives in comparison with the actinideend decay within a few hundred years. The first years after
RAAOKINHBES GKS 1060 | OGAGAGeE -dctivity (Carbalzt aldd20)(seeFighrer S& KA 3
4).

[ 26 Sy-8BnNtEes aré generally much morelonf A 3SR GKFyYy 160 SYAGGSNED ¢K
change in the radiation field of the spent fuel: already after 3D years in the repository most of the

i 0-8¥WAGGSNE KI @ SadRtBrOdordigafes theyeergy deposition to the surrounding material.

The initialh -activity mainly originates from the decay éf>2Cm, ?2®Pu and?**Am, whereas the late

decrease is caused by the decay of ldivgd h -emitters such ag3%2*®Pu and?*3Am.

8. INVENTORY OF METALLIC PARTS OF FUEL ASSEMBLIES,
CORROSION RELEASE FRACTION.

The cladding tubes for the fuel are made of Zircaloy. Other structural elements of the fuel assemblies are
made of stainless steel, Inconel, Incoloy or Zircaloy. The PWR controlmadie of an alloy containing
80% Ag, 15% In and 5 %Cd, can also be encapsulated together with the PWR fuel elements.

Some of the radioactivity in the fuel assembly is present in the cladding tubes and other metal parts as
neutron activation products of alloying elements and impurities present in théahscated materials.

This activation product inventory is calculatedg., with Scale (Bearden and Jessee 2018, Wieselquist
2020), using as input material composition and the neutron flux based on data from irradiation history in
the reactor. If water enters the canister, the metal parts will corrode. It is generally asduimat the
activation products are released with the rate with which the metal corrodes. It is then important to revise
literature data for corrosion rates of Zircaloy, stainless steel (usually types 304 and 316) and nickel alloys
such as Inconel under pesitory conditions. Recent reviews on corrosion of Zircaloy and steel are given in
Stateof-the-Art Reports of E®@roject CAST(Gras 2014, Swanton et al. 2015). The proposed corrosion
rates for Zr are either 2 nm/y (Grass 2014) or 5 nm/y (Shoesmith and Zagidulin 2011). These and other
data on material corrosion should be reviewed in order to obtain corrosion rates for use in the PA model.
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The whole radionuclide inventory contained in IR is usually assumed to be released instantaneously
upon water contact, i.e., is part of IRF (sectitd). Silver in the control rods is a noble metal and is not
expected to corrode in anoxic groundwaters, unless dissolved sulphide is present (McNeil and Little 1992),
forming very insoluble silver sulphides. Experimental data for silver alloy control rods leaching indicate
that if there is a release of AH08m, it isbelow detection limit of the gamma counter (less than gevels)

(Roth et al. 2015).

9. POST-CLOSURE CRITICALITY.

Neutrons from radioactive disintegrations can cause nuclear fissidissileisotopes in the fuel. Akng

as the canister is intact, thgreat majority of neutrons generated by these disintegrations will pass out of
the fuel without causing fission and the process can be negledtetihe case of3°U and?*°Pu in particular,

the efficiency of the fission process increases if the neutrores rmoderated (slowed down) to lower
energies by collisions with light atomic nuclei. Tbdaild occur if water penetrate a failed canister. New
neutrons are released by the fissions, and if more neutrons are formed than are constimeedrocess

can becore selfsustaining.The system is then said to be critical and large quantities of energy can be
liberated. This process has been utilised under controlled form in the nuclear reacfor energy
production

In the repository, the spent fuel normal criterfar safety against criticality must apply. This means that
the effective neutron multiplication factdrker, includingall uncertainties, must not exceed 0.98sually

a calculation of & for a canister in the repository carried out with the most reactive assembly type and
fresh fuel showghat the reactivity criteria cannobe met with the conservative assumption that the fuel

is fresh, especially for PWR fu@igrenius 2010)Taking cred in criticality assessment for the reduction

in spent fuel nuclear reactivity as a result of irradiatioe., burnup credit, is a complex issue. It requires
highly sophisticated methodologies for calculating the isotopic inventory of the irradiateldfénevhich
burnup credit is taken. This knowledge is gained by using depletion codes. The uncertainty of a depletion
code is controlled and established through verification of that code, usually by comparison with suitable
and appropriate experiments. loore reactor measurement data are important for verifications of
depletion codes(IAEA 2001, IAEA 199&)dculations using statef-the-art methods and a reasonable
assessment of thencertainties show that by taking credit for the buup of the fuel, the criterion ks XK

0.95 can be met for both BWR and PWR fuel of a given buiireipriticality safety can be demonstrated.
Loading curves show what minimum average fuel assembly burnup is required for a given initial fuel
enrichment of fresh fuel assenibk to ensure that the effective neutron multiplication factoesrkof the
canister would comply with the imposed criticality safety criterigrasiliev et al. 2019, Agrenius 2002).
They are calledo, because fuel assemblies which comply with enrichmmmhup criteria of the loading
curve can be loaded in the canister without risk for criticality.

In Radioactive Waste Management (RWM) organisations which are in charge of spent fuel handling,
criticality analysis is doneoutinely for interim storage, encapsulation plant and transport ritathe
encapsulation plant to the repositognd will not bediscussed here. Specific for the repository is the very
long analysis times, of the order of &iears,which requires a calculation of the reactivity variation during

the whole analysis time. Large changes in reactivity are noted for MOX fuel (Herrero et al. 2017) and
reactivities higher than the initial one result at sevetlabusand years decay; for U®uel the variation of
reactivity with time has much smaller amplitudes (Agrenius 20203pecific case of the criticality in the
repository concerns salt repositories, in which the high concentratio®®@f in brines, a good neutron
absorber, decreases neh the reactivity of the canistgiKilger et al. 2013, Sobes et al. 2015).

The corrosion of the canister materials and the changes in geometry (Fe corrosion products have higher
molar volume than Fe) and material composition (Fe is converted t@4r@cairring after a canister is

breached may affect the reactivity in the long term and need to be accounted for. Recent analysis of this
issue for a canister in a repository setup (Agrenius and Spahiu 2016) has shown that a small increase in
the burnup is necssary to compensate for the increase in reactivity caused by thesetkmng material

and geometry changes. Several UK studies discuss the Rapid Transient (RT) and Quasi Steady State (QSS)

! kett is the ratio of neutrons produced from fission in one generation to the number of neutrons lost
through absorption and leakage in the preceding generation.
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criticality and their relevance for the repository (Baldwin et 2015, Hicks et al. 2018) as well as the
likelihood and consequences of pedbsure criticality in a generic way, given tlaek ofDeep Geological
Repository(DGR) siteWinsley et al. 2015, Hicks et al. 2018, Mason et al. 2014) with satisfactory results.

Another repository specific issue is the potential criticality outside the canister due to accumulation of
fissile material (Bowman and Venneri 1994, Van Konyneburg 1996). Several studiedehawestrated

that criticality outside the canister hasvanishinglysmall probability, requiring several highly improbable
events,even when oxidative fuel dissolution was assumed (Oversby 2006, Beherenz and Hannertz 1978,
Nicot 2008).In the case of European repository concepts with very limited releasestimfidges from the
canister (sectiorl4), it is more straightforward to demonstrate that this is a very improbable event.

Finally, consequences of residual scenaribgssumed criticality in the repository have been published
recently (Hedin et al. 2013) and generic cases have also been treated in (Mason et al. 2015, Winsley et al.
2015, Hicks et al.2018). In SKB’s case (Hedin et al. 2013) it is shown that the temperfathe critical

OFlyAaidSNI Aa fAYAGSR o0& GKS o02AfAy3 LI2AYi-aBigher INR dzy R«

temperature would cause water evaporation and subcriticality. The power developed by the critical
canister at this temperature (~14 kM limited by the capacity of the rock to transport away the generated
heat. It was also shown that the critical event causes a limited temperature increase in the neighbouring

OF yAadSNR 06dzLd 42 cn e/ 03 KSyOS oAidiés2dzi O2yaSldzSyoSa

10. INSTANT RELEASE FRACTION.

When spent fuel comes into contact with groundwater, radionuclides are released from the gap between

the fuel and the cladding, from cracks, from water accessible grain boundaries and from the fuel matrix
itself with variots rates. Traditionally radionuclide releases from such a heterogeneous material have been
treated withonly two sources of release: the fuel matrix athe InstantReleaseFraction, IRF, representing
everything released faster than the matriAs discusseéh the previous section, duringradiation in

reactor, a certain percentage of the volatile radionuclide inventory $egregatedo the gap between the

fuel and the cladding, to cracks and also to grain boundaries. The radionuclide fractions releaked to
FdzSt k Of I RRAY3I I LI ONIXO1a&a YR ANIAY 02dzyRI NARSa I NS
released fast (weeks to months) after water contact, but for performance assessment purposes, they are
treated as instant release.

The behaviouof fission gases is best known out of these radionuclides and a number of studies on Fission
Gas Release (FGR) have been published (Johnson and Tait 1997 and references therein, Johnson et al.
2005, 0ECENEA 2002, Blair et al. 2006, GonzdRsbles et al2016, Wareing et al. 2012}-GRis more

strongly correlated to the linear heat rating than to the burnup of the fuel (Kamimura 19%2yhow, at

very high burnup (64000 MWd/kg U), the FGR increases exponentially with burnup and HBS thickness
(Brémier etal. 2000).

The radionuclides considered as part of the Instant Release Fraction (IRF) include:
14C,360I,798e,9°Sr,99Tc,1°7Pd,1268n,129|, 137CS,135CS

(Johnson andait 1997, Johnsoand MacGiness 2002, Johnson et al. 20Pésry et al. 2005Werme et al.

2004, Ferry et al. 2008, Johnson 201A)closer look at this list shows th&tC and3¢Cl originate from
neutron activation of nitrogen and chlorine impurities in the fuel, while Cs,IRind Te correspond to
volatile fission products, because both the elements and part of their compounds are gaseous at reactor
temperatures (Bailly et al. 1999). Most of the other isotopes correspond to segregated fission products
(Tc, Pd, Sn, (Ag) in timetallic particles, Sr in grey phases), often with relatively high vapour pressures at
reactor temperatures (Cubiccioti and Sanecki 1978). A thorough discussion of segregation is given in
Hocking et al. (1994), while volatility is discussed in CubicarmtiSanecki (1978).

It is generally assumed that the fission gas release and the release of segregated and volatile nuclides such
as Cs and | are related. This is a reasonable assumption for LWR fuels with a few percent FGR, since gas
phase diffusion detemines both these amounts. The releases of Cs and | are generally lower than FGR. A
ratio of 1:1 with FGR is used for I, given the similar diffusion rates with Xe under reactor operating
conditions (Lewis et al. 1990), while the diffusion coefficient 0igCs1/3 of that of Xe (Lassman et al.
2002, Walkerand[ F a&aYlFy wmMdopycoxX KSyOS | NI { Adleasesplohmsdn eKal. ¢ A U K
2012).
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The estimation of IRF is important for a safety assessment, both because of the pulse of their release
immediately after canister breach, but also because of the presence of typically mobile radionuclides such
as™C,3Cl,129 or7°Se. Usually anions are considered mobile, because most mineral surfaces are negatively
charged at near neutral pH, hence do raatsorb anions.

During the period 2002006, the assumption of nuclide migration due to ASIED (Alphalrgadiiation
Enhanced Diffusiosee sectionl?), together with the inclusion of the inventory in rim porosity led to
relatively high values of IRF for spent fuel (Johnson et al. 2004, Johnson et al. 2005, Ferry et al. 2005).
Later studies showed that ASIED had negligible effect in nuclide migratemn 9sction17) and no
contribution of the rim inventory to IRF was observed in several studies (Roudil et al. 2007, Roudil et al.
2009, Johnson et al 2012, SerraRaroy 2012, Fors et al., 2000 The same absence of accelerated
diffusion fom the HBUzone (the Pu islands) is observed for MOX fuel (Carbol et al.a2@@®nson et al.

2012.

A large number of studies carried ouately (Roudil et al 2007, Roudil et &009, Zwicky et al. 2011,
Kdningsberger et al. 2021) amdiringthe EC-project FIRSTNuclides(Lemmenset al. 2017 Kenzleret al.

2017, Roth et al. 219, GonzalesRobles et al. 20155erranePuroy et al. 2012, Johnsoret al. 2012
improvedthe database ofiRF studiesor LWR fuelsin the EC projecEIRSINuclidesthe instant release
fraction (IRF) of | and Cs was investigated as a function of burnup and linear power rating (Lest@lens
2016). It was shown that above a linear power rating of 25 kW/m, there was a stronger correlation between
IRF (Cs and I) anahdiar power rating than between IRF (Cs and |) and huehup. Therealready existed

a good number of IRF studies for CANDU fuel (Str@esscoyne et al. 1994, Stroe&ascoyne et al. 1996,
Tait et al. 1997 etc.) and recenthn IRF and matrix dissolutistudy for AGR fuel has been published
(Cowper et al. 2016), indicating similar behavior to LWR fuel.

Most of the studies connected to IRF estimation have been carried out in presence of air. Recent results
from fuel leaching under hydrogen (Ekeroth 202paBiu 2019) show that the concentrations of isotopes
typical for metallic particles (Tc, Mo Ru, Rh, Pd) remain practically constant at very low level8 N§10
during more than 2 yearlong experiments, indicating an absence of IRF behaviour under sdifonen

The same concerns the discussion of the grain boundary fraction: if the grain boundaries are attacked
preferentially when fuel comes into contact with water, the segregated fraction of nuclides there will be
released (Kienzler et al. 2014). In nyatests under hydrogen, the constancy of Cs levels in solution is used

to judge absence of fuel dissolution (Carbol et al. 2005, Carbol et al. 2009a, Fors et al. 2009, Spahiu et al.
2000, 2002, 2004), hence the preferential leaching of grain boundariesnsuth conditions seems to be
inhibited. Further, relatively low grain boundary inventories of I, Cs and Sr have been reported for LWR
fuels (Gray 1999, Gray et al. 1992, Rudil et al. 2007, Roudil et al. 2009, Roth et al. 2019); see discussion in
Roth etal. 2019 for some high iodine grain boundary values in Gray (1999).

The leaching behaviour and the chemical state of Se in therud®rix were studied in th&IRSINuclides
ECproject. It was found that the estimated very low fractional release of(8&&22%)rom the below
detection limit values (Johnson et.&1012) is likely due to the direct chemical bonding of Se to U atoms
as Se(ll) (selenide) ion, probably replacing oxygethe cubic U®lattice (Curti et al2014,2015).The
inclusionof Se in the IRF is based on its assumed migration £8eUs reactor, similar to €be and Csl
(Cubicciottiand Sanecki 1978Hocking et al. 1994

In recent examples of performance assenents (SKB 2010b, SKB 2010d, Johnson 2014), an estimation of
FGR for the whole fuel inventory is carried out by calculating it first for all rods in equilibrium cores, varying
core parameters within wide ranges and using certified programs applieddensing fuel use in reactor
(Nordstréom 2009, Oldberg 2009). Then appropriate relationships for typical values of linear heat rate and
burnups are established, through which FGR for the whole fuel inventory can be estimated (SKB 2010b).
For other segregateduclides such as these in the metallic particles, or activation products of impurities
(36Cl,**C), values based on experimental leaching data are discussed and used (Johnson 2014, Werme et
al. 2004, Posiva 2021).
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11. RADIOLYTICALLY PROMOTED FUEL DISSOLUTIMDN
PRESENCE OF AIR.

Radiolysis¢ KS & LISy i Fdz§t 3ISySNI GSa | O02YLIX SE NI RALFGAZY ¥
to the decay of unstable nuclides. Spent fuel in contact with water will produce very reaathieals { (O

R & / (@DQ )and molecules (EDz, H, Oz) due to radiolysis of water (Spinkead Woods 1990)Although

oxidizing and reducing radiolytic species are produced in equivalent amounts, the lower reactivity of the
molecular reducing species (mainly)Hhwvill lead to locallyoxidizing conditions near the fuel surface. The

effects ofa-radiolysis are considered as dominating, both because of the much longer time periods of its
presence in the repository, and because of thleort range from the fuel surface in which the energy i
deposited.Radiolysis of water has been thoroughly studied by both experiments and modelling. Low LET

O[ AYSENI 9y SNH& ¢ NI y-tadiiohhdodsIndR prodiick any deteétatd®d &molinés of'the

stable species Hand ROz in pure deaerated wder (Allen 1961, Jegou et al. 2005), because they react via

OH- and H- radicals in a chemical chain reaction to refoi@ hh aerated water, virtually all the hydrated

electrons and H- radicals formede oxidised by €) and the main products of low LETt@r radiolysis in

a system open to air are a steady state concentration gdHvith constant releases of+and Q (Spinks

andWoods 1990). Alpha particles have high LET (Linear Transfer Energy) and a very short range. They can
cause radiolysisof @ KAy fF@SNJ 2F 41 iSNJ 0dop>Y0O ySIFEN GKS 7FdzSt 2
radiolysis products ¥, and HX 6 SOl dzaS Y2aid 2F (KS -tMEkRTh®dxidants NSO2 Yo
produced by radiolysis (OHOOH, H0Oz, &) oxidize U atoms in the fuehatrix surface to U(VI), which is

then released in solution, especially if carbonate is present in solution, due to the formation of strong
U(VI}ycarbonate complexes. The rate of this oxidative dissolution is much higher than that efxidative

dissoluion (Ro6llin 2001) and U(VI) hydrated oxides (schoepite) are several orders of magnitude more
soluble than UQ(s).

Fuel leachingstudies The first studies of spent nuclear fuel radiolysis promoted dissolution were
undertaken in the late 1970s (Katayama789 Eklundand Forsyth 1978, Johnson 1982) and were carried

out in hot cell atmosphere. Already in the first studies it was observed that the release rates were higher
for some nuclides such as Cs and they generally decreased with time (Katayama 19vW&ebrelatively
insensitive to temperature (Johnson 1982). These studies were relatively simple, given the need to operate
with manipulators inside the hot cell and consisted in contacting the spent fuel (fragments2 qrellets
together with claddingywith the leaching solution during a given time interval, then analyzing the solution
for the released radionuclides by radiochemical methods, and later byMEPAIready in the beginning of
1990’ies there were more than 30 such studies (ForayithWerme1992) and a forum for discussing them
(Spent Fuel Workshop) was established since 1983. Methods used in geochemistry to study dissolution
rates of minerals, often reported in mg-fd, were also attempted, obtaining rates of the order of a few

mg m? d!. Anyhow, spent fuel surface area is a difficult parameter to assess (methods such as BET
(Brunauer et al. 1938), based on adsorption of inert gases at low temperature, are usually not successful)
and estimations of geometric surface area using a roughfi@stor were most often used. An extensive
discussion of this issue and estimated spent fuel surfa@asare given in Grambow et al. (2010). Much
more commonly used in spent fuel studies is faction of thelnventory in theAqueousPhase(FIAP) for

a nuclide, which is the ratio of the activity (or mass) of the nuclide released in solution divided by its
activity(mass) in the solid fuel sample. This requires knowledge of the fuel inventory for each nuclide (ug/g
fuel or Bg/g fuel), determined by dissahg an adjacent pellet to the one studied or calculated. Fractional
Release Rates (FRR) during a time interval are expressed through the increase of FIAP per unit time (day
or year) (Grambow et al. 1996, Jegou et al. 2004, Ekeroth et al. 2020). A discofstiendifferent ways

of expressing fuel dissolution rates and their advantages/disadvantages is given in Ham$&tout
(2004). Usually, the concentration of U is reported, given that a variety of U(VI) solid phases may form
after a few months ofeaching, depending on the composition of the leaching solution. Fractional release
rates for fission products such as Sr are usually used to estimate the fuel matrix dissolution rate. Based on
the results of several studies in a variety of groundwaterpidgl for different repository concepts,
including salt brines, lonterm Sr release rates were ~1@* under oxidizing conditions, i.e., in presence

of air (Loida et al. 2012). Leaching studies with MOX fuel under oxidizing conditions (Loida et al. 1998
Glatz et al. 2001, Jegou et al. 2001, Jegou et al. 2004) show ~7 times higher release rates:thaah &fO
similar burnup (Grambow 2021egou 200% The fractional rates measured under much lower oxygen
levels were about an order of magnitude loweo(gyth et al.1986, Johnson 1982, Johnson and Shoesmith
1988, Loida et al. 1996). Based on all the fuel dissolution studies available until 2000,-pnej&ESPA

14


https://cordis.europa.eu/project/id/FI4W960018

3.1.1 Spent Nuclear Fuel; State-of-Knowledge

(Spent fuel Performance Asserent) (Baudoinet al. 2000) estimated fuel matrix dissolution rates to be
in the interval 1¢* a*to 107al, with a best estimate rate of 10a.

Due to lack of space, mainly fuel dissolution studies are discussed in this report. Anyhow much of our
understanding for the mechanism of radiolytically promoted fuel dissolution was obtained in studies with

UG, SIMFUEL (Lucuta et al. 1996) and other fuel analogues, suche& QIS R ¢ A i K -enitingd i A S 2
isotopes. Another major achievement was the quiation of the NEATDB high quality thermodynamic

databases for actinideand the most important fission products (Grenthe et al. 1992, Silva et al. 1995,

Rard et al. 1999, Guillamont et al. 2003, Olin et al. 2005 etc.), making thermodynamic modelling and
interpretation of the leaching dat@ossible The influence of the various molecular oxidants, such gs O

H202 and that of other solution parameters such as pH and carbonate on the oxidative dissolution of both

spent fuel and Uegfs) was investigatedlherole of Caions and of silica in suppressing fuel corrosion rate

was also investigated (Tait and Luht 1997, Santos 2006a, Santos 2B0&tijochemical studiewith UG

and SIMFUEL electrodes, in which the corrosion current density (corresponding tmtiosion rate) is

measured as function of the corrosion potential, accompanied with thorough investigation of the
electrode surfaces by various spectroscopic techniques contribtdegh increasedunderstanding of the

mechanism of U@oxidative dissolutia and the construction of electrochemical fuel dissolutimodels

(Shoesmith et al. 2003). It was established quite early based on electrochemical measurementsChat H

was 200 times faster thann oxidizing the U@surface(Shoesmith etal. 1984, K2 SAYAGK HAann0 ®
particles in spent fuelséction 4) can act as catalysts for reactions involvingdHor G (which would

accelerate fuel corrosion) andz2Kwhich would suppress corrosion, see next section) (Broczkowski et al.

2005, 2010)A review ofthe studiesconcerning oxidative dissolution of U@nd spent fuel, discussing the
YSOKIYAAY FT2NJ Y2t SOdzf I NI 2 EA RINIR NEEByRO antl fyte pid,KS Ay T
temperature and various components of the groundwaigmgiven in Shoesmith (2000).

Studies to obtain modelingparameters Many other studies in the last 20 years were undertaken in order

to obtain various parametereeeded in the modelling of the oxidative dissolution of 4K) (sectionl6).

Rate constants for interfacial reactions were determined in experiments with fpi®ticle suspensions
where the surface was in excess, resulting in pseudo first order reactByglotting the pseudo first
order rate constant against the solid surface area to solution volume ratio, the second order rate constant
is obtained from the slope K&roth and Jonsson 2003, Rotind Jonsson 2008, Jonsson et al. 2007). The
oxidation process was shown to be kinetically limited by the first-etextron transfer step from Ufto

the oxidant, alsdor multielectron oxidants (@ and HOz). Further, the ra¢ constant for the elementary
reaction was shown to depend on the oméectron reduction potential of the oxidant (Ekerotdnd
Jonsson 2003). This made possible to evaluate oxidation rate constants for reaction wigutf&xe for

all radical and moleculaoxidants (Rothand Jonsson 2008). The role of carbonate in the mecham$m

UQ; oxidative dissolution by #D. was investigated and dissolution rates for oxidized Ufwasction of
carbonate concentration were determined. It waksoshown that he oxidation of U®by HO: is the rate
determining step in the oxidative dissolution of DY | |j dzS2dzd adeaidiSYa samiyhdaF Ay Ay 3
oxidation rate was determined (Hossain et @006). The density of UQurface sites for oxidation was
determined (Hossain et al. 2006, Hossaimd Jonsson 2008). Another important simplification was the
classification of oxidants according to their importance for fuel oxidation, by noting thatdtee of fuel
oxidation is given by the product of ratmnstant times oxidant concentratiofri = k x G). It follows that

for radicals that have large rate constants)( but concentrationsd) manyorders of magnitude lower

than molecular oxidants,he product, and hence their relative importance, is much smaller. The main
2EARIFYG 2F GKS Fdz8Sf YIGNREZ 6AGK | Oeagiatioiivasiouhd? y B ddd
to be HO2 (Ekeroth et al. 2006). In tests with U@owder, the oxidativedissolution yield of kD2 (the ratio

of the amount of produced U(VHjo the amount of consumed D2) was ~80 %, the remaining 20%
decomposed to ED and Q(Ekerothand Jonsson 2003). This yield was 14% for a pllet and less than

0,2% for SIMFUEL (Nilssand Jonsson 2011, Bauhn et al. 2018). The impact of the various oxidants was
revised later, accounting also for the redox reactivity of the materials (Lousada et al. 2013), see further in
this section.

Recent fuel studies. Finally, a few recent spent fuel dissolution studies under oxidizing conditions
O2y OSNYyAy3 ALISOATAO A&aadzSasz adzeliatibnifron heighbduying fodsSy OS 2
in wet interim storage will be discussed.

The rim of the fuel pellet has higher actinide and fission product concentrations than the inside of the
pellet, as well as smaller grains due to the high burnup structure (Rondinella and Wiss 2010). This means

15



3.1.1 Spent Nuclear Fuel; State-of-Knowledge

GKIFIG GKS LINRRdAzOGAZ2Y 2F h highéra the rimé derhpufedd @ Jréin dokke R dzO G a

inside of the pellet. As shown by three systematic leaching studies of fuels with variable burnup (Ekeroth
et al. 2009 and references therein, Jegou et al. 2004, Hanson 2008), the high doping level dtehame

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. This means that fuel
dissolution rates determined with @vage burnup fuel are valid also for high burnup fuel.

The increased redox stability of the doped 4t@atrix was confirmed later in studies comparing the redox
reactivity of UQpellets with ¥doped UQor SIMFUEL (Trummer et al. 2010, Pehrman et al. 2B42eiro-
Fidalgoand Jonsson 2010 The rate constants for oxidation bynolecular oxidants k. or O: were 2
respectively 4orders of magnitude lower foSIMFUEL than for U(ellets, while no difference was
observed for strong oxidants such emlicals (Pehrman et al.2012)his was not due to the ability of the
surface to decomposedd,, which was quite similar (~30% difference) for all solids tested (Perhman 2012),
but to the lower redox reactivity of doped UOPreliminary evidenc¢hat rare-earth doping suppress

the corrosion of U@under aqueous conditioneesults also from electrochemical studies (He et al. 2012,
Razdan et al. 2014, Liu et al. 2017a, Liu et al. 201@kg study of Gdloped UQ, a substantial decrease
in the dissolutionrates was observed with increasing dopant concentrat{@asella et al. 20)2Much
lower U releases from Gdoped pellets were observed also undéefrradiation (BarreiraFidalgo and
Jonsson 2019), i.e., in presence of radic8kxrancPurroy et al. (2012fpund lower releases from the part
containing the rim as compared tte centre of the spent fuel pellet. Thermochemical measurements of
UQGe+xsolid solutions with two and thregalent oxidegMazeina et al. 2008 indicate that they are more
resistant tooxidation and oxidative leaching than b®ecause of the additional stability resulting from
the energetic contribution of the dopantsSimilar increased stability towards oxidative dissolution is
observed for the Piaggregates in spent (Carbol et al. 20 Jegou et al. 2010) or fresh (Odorowski et al.
2016) MOX fuel.

TKS Ay Tt dzSy Ofdigidh frérengighldfimgfrods in wet interim storage to fuel dissolution from
damaged rods was investigated in a series of studies of bothdd@® heterogeneous MIMASA(cronised
MASter blend-MOXfuel (Jegou et al. 2007, 2010). ForAf@el, U and HOz concentrations were higher in
GKS GS&ada O NN Sridiliazior addedibR, arfdl Hrany|pafdxitle (studtite) was detected

on the fuel surface, but the releases rates of Sr and Cs were quite similar to the fuel leached without
S E (i S Nilyadiation! in which no studtite could be observed (Jegou et al. 2007). For MOX fuel similar
increased U and #. concentrations were observed vidt S E (i $alijtibrf, but also a3 times increase

in the release rates of Sr and Cs. Raman spectroscopy analysis demonstrated that the surrounding UO
matrix was much more sensitive to oxidation than-&ggregates (Jegou et al. 2010).

12. SPENT FUEL DISSQLTION IN DEEP REPOSITORY: CANISTER
EFFECTS.

12.1. Redox conditions in a failed canister.

If the spent fuel comes into contact with water, the release of actinides and most of the fission products
will depend on UO2(s) matrix dissolution rate, since theatjrmajority of fission products (>95%, Ferry et

al. 2005) are preserved there. The rate depends on many parameters, both intrinsic (fuel burnup, surface
area etc.) and environmental (temperature, pH, groundwater composition etc.). However, the most
important ones are the redox conditions on the fuel surface. Within a few years after repository closure,
all the oxygen present will be consumed by reducing minerals (Earth was formed in absence of 02),
bacteria or canister material, resulting in an-®2e andreducing environment (Puigdomenech et al. 2001,
Wersin et al. 1994, Kolar and King 1996). Such repository redox conditions assure low solubility and strong
sorption for reduced forms of nuclides (e.g. 3+ and 4+ states of actinides).afaeerydifficult to realize

in a laboratory; the redox conditions in an-Aashed glove box with 1 or 0.01 ppm: @re shown between

the dotted lines inFigure5, while these relevant for a European repository concept are much more
reducing. This is why sudltudies are difficult; even traces of:@ould oxidize U(IV) to U(VI) or Pu(lV) to
Pu(V). The use ofsirongreductant in solution (as actinide chemists do (Rai et al. 2003)) to fight radiolytic
oxidants cannot be done, if they apgesent inthe near fidd. As shown below, both dissolvéd and Fe(ll)
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can create such conditiont all Europeardeep repository conceptggelatively large amounts of dissolved
hydrogen willbe present during long time perioddohnson 2005, Bonin et al. 200@) major hydrogn
source is the anoxic corrosion of the massive iron containers:

3Fe(s) ¥HO0 U Fe0u(s) + 4H(g)

The equilibrium pressure of hydrogen for this reaction is very high, of the order of several hundred
atmospheres (Garrels and Christ 1965). Another hydrogen sourde,is- and - radiolysis of the
groundwater by the radiation of spent fuel.In the Swedis and Finish concepts

[Pu** ] = 10.00 nM [CO L= 2.00 mM
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Figure 5: Redox conditions in a glovebox with 1 ppm (upper line) or 0.01 ppm O:2 (lower line), as compared to

repository conditions, shown in a Eh-pH diagram for Pu (Eh (mV) = 59.16 pe).
with a massive caston insert. In the case of a limitedanister defect and groundwater intrusion, the
anoxic corrosion of iron gives rise to the productionhgfdrogenat a higher rate than its diffusive mass
transport away from the canister. The concentration of dissoltfdn the solution inside the canister is
expected to quickly exceedsisolubility in groundwater (Liu and Neretniks 20&2llin 2002) Gas phase
formation occurs when the pressure of the hydrogen equals at least the hydrostatic pressure, around 5
MPa d 500 meters depth. For this reasosgeveralstudies of spent fuel leaching in the presence of
hydrogen at pressures up to 5 MP&]qiss~40 mM or in the presence of metallic iron have been carried
out recently.

12.2. Spent fuel dissolution undemreducing conditions.

The results of several published studidaring the last 20 yearshow a large impact of the presence of

dissolved hydrogerfadded or produced in situ by anoxic corrosion of Fejuppressing effectively the

radiolytic fuel oxidatiordissolution processFor this reason, these tests are referred to as tests carried

2dzi dzy RSNJ aNBRdzOAy3I O2yRAGA2y&aeéd !'a gAfft 06S RA&AOdza A
redox potential of the bulk solution, rather to complex interfagid@lenomena occurring at the very surface

2T GKS aLlewiiling RaizSde oxi&l3duifaces.

It is therefore important to present arguments in support of a fuel oxidative dissolution below detection
limit from various studies of fuel leaching with2J]0.8 mM or in presence of Fe(s) and from similar tests
% A (-Hoped UQ. Such arguments are:

Instead of increasing as in the case of oxidative fuel dissolution, the concentrations of U, Pu, Np and other
redox sensitive nuclides usually decrease duringftte samplingsin all published fuel dissolution tests
in dilute carbonate solutions, including MOX fuel which has a much stronger alpha field (Spahiu et al. 2000,
Albinsson et al. 2003, Ollila et al. 2003, Spahiu et al. 2004, Carbol et al. 2005, &2alb@009, Fors et al.
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2009, Ekeroth et al. 2020, Puranen et al. 2020) the concentration of U decreases in the first days to weeks.
Similar behavior is observed in 5 M NaCl solutions (Loida et al. 2001, Loida et al. 2005, Carbol et al 2005)
or in high fH solutions (Loida et al. 201Zpiven the relatively low initial concentrations, this decrease is
due to the reduction by hydrogen of the oxidized forms present in an initialgxidized fuel surface layer.

An acidification of the solution, which acconmgas uranyl reduction by Hvas observed in wbuffered 5

M NacCl solutions (Loida et al. 2001, Carbol et al. 2005). Then the U levels remain constant for months to
years near X 10° M, that coincides very well with the solubility of &{@m) (Guillamont eal. 2003)(see
Figure6, left). As discussed by Ekeroth et al. (2020), this rules out any presence of U(VI) solid phases. At
the same time, this low U levels indicate complete absence of radiolytic oxidant3H#0Oz), given the
extreme ease with which they oxidize U(IV) at near neutral pH (BakdNewton 1961, Newton 1975,

Elliot et al. 1986) resulting in a fast increase by orders ojmitade of the U concentration.

The same holds for Np and Pu, which are presanievels even lower than the solubilities of their
corresponding tetravalent oxides (Cui et al. 2008, Fors et al. 2009, Ekeroth et al. 2020, Puranen et al. 2020).
This suggests that eprecipitation of neptunium and plutonium with uranium may have occudlre
producing a solid solution with actinide content U:Pu:Np ~ #:1073, i.e. as their inventory in spent fuel

or in the solution before reductive precipitation.

A decrease othe molybdate level, a stable tetrahedral oxmion, was observed only in th&ests with
MOX fuel (Carbol et al. 2005) or in the presence of metallic Fe (Albinsson et al. 2003, Puranen et al. 2020).

This reductive precipitation of U(VI) and other nuclides from the-pxalized layer apparently occurs on
the fuel surface itselfsince very low levels of radionuclides were found in the vesisesle (Albinsson et
al. 2003). More than 99% of the uranium was precipitated on the surface of the spehit$elf (Ollila et
al. 2003).
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Figure 6: Evolution of concentrations of actinides, lanthanides and T¢ (left) and fractional release rates (right)
during fuel powder (0.25-0.5 mm) leaching under 1 bar H, 2 5Ekerath et al. 2020.

Another indication of negligible U(VI) levels in bulk solutimmes from tests of fuel leaching in the
presence of metallic iron (Grambow et al. 1996a, Carbol et al 2005, Puranen et al. 2017, Puranen et al.
2020). It is well known that U(VI) is reduced to U(IV) and sorbed or precipitated on the surface of metallic
iron, both from studies on ZVI (Zero Valent Iron) barriers (Fiedor et al. 1998, Gu et al. 1998, Farrell et al.
1999, Morrison et al. 2001) and in our field (Grambow et al. 1996b, Cui and Spahiu Dd@2y.anoxic
conditions magnetite reduces U(VIJo U(IV) (Scott et al. 2005 while green rust on iron surfaces
precipitates UOx(s) (Cui and Spahiu 2002Thus, if U(VI) would be present in solution due to oxidative fuel
dissolution, it would get reduced and precipitate on the iron surfadaring theco-dissolution of fuel and

iron, both oxidants and U(VI) were scavenged on the fuel surface and very little, if at all, on the iron
surface. No accumulation of U on iron was reported in these tests, only U levels corresponding to
adsorption of U(IV) on imo corrosion products (Grambow et al. 1996a, Carbol et al. 2005, Puranen et al.
2020, Odorowski et al. 2017).

The reductive capacity of the fuel surface under such conditions can be estimated best by tests carried out
at KIFINE,adding 01 or1 mM Br to the 5 M NaCl solutions in the presence of various amounts of dissolved
hydrogen(Metz et al. 2007, Loida et al. 200 Bromide is a known Okhdical scavenger, which reacts with
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the OHradical about 250 times faster than molecular hydrod@ehavi and Rabai©72)and cancels any
beneficial effect of molecular hydrogen in bulk solution, even under radicali riehradiations. Separate

tests in 5 M NaCl solutions with added bromide in presence n&ltbwed extensive production of
molecular radiolytic oxidantsinder external -radiation and the oxidation of an added W@ellet (Metz

et al. 2007) However, in tests with spent fuel in Bontaining solutions, where the intrinsicradiation

has apparently created the same oxidizing conditions in the bulk solutibe measurements show
absence of molecular oxidants in the autoclave, as well as low and decreasing concentrations of U or Pu
(Loida et al. 2007)In this case, only surface mediated processes can be responsible for the consumption
of the molecular oxidats produced near the fuel surface byradiation and in the bulk solution by intrinsic

- ori -radiation.

Besides the absence of U(VI) in bulk solutiire oxidation state of the solid surfa¢des been analyzed

with various methods in some studies. Areefrochemical study indicated irreversible reduction of JO

St SOGNRPRS adzNF I O Sradiatioyfi anidl B0Sbar KB gied af. @99 9).2ATeduction of the YO

surface placed at 30 um distance from an alpha source in presencetoftltb 6 ft Ay 3 6l a 204 SNWSR
while surface oxidation was observed BYS X-ray Photoelectron Spectroscopynder Ar atmosphere
6{dzyRSNJ S +t® mppnoed ¢KS GKSN¥YIt O0OGAGIGARZ2Y 2F Ke@eR
results were recentl obtained at room temperature (Hansson et al. 2021). XPS studies of the spent fuel

surface before and after leaching under 1 barikdicate a partially oxidized surface before start and a
completely reduced surface after the test (Ekeroth et al. 202@S Xnalysis of a 108U doped pellet

after longterm leaching under Hshowed a fully reduced (W0) surface (Carbol et al. 2009b).

Even though the increase of U levels due to U(VI) formation is the best indicator of oxidative dissolution,
the presenceof nonredoxsensitive fission products in real fuel, such as Sr and Cs, make it possible to
judge on fuel dissolution rate via their releases. A systematic reduction by more than two orders of
magnitude of the released fraction of Sr or Cs during sudeegsne intervals is observeand alternative
intervals with positive and negative rates result after only a few weeks (Eketoth 2020)(seeFigure6,

right). Thesame trend was observed in experiments lasting over-gear in the presence of a hydrogen
atmosphere (Carbol et al. 2005, Puranen et al. 2020) and only at very long leaching times Cs or Sr releases
are below detection limit (Spahiu 2002, Carbol et al020Cui et al. 2008). It should lkeptin mindthat
extremelylow levels of radionuclides are analysed in these tests, e.g.?%econcentration during more

than oneyear long tests under hydrogen varied between GA23 ppb (Spahiu et al. 2004), an amount
which is less than the amount 8fSr in a monolayer of fuel. The case of some tests carried out with a
whole cladded fuel pébt, where a continuous release of Cs and Sr was observed together with decreasing
U levels is discussed in (Ekeroth et al. 2020). There are much more radionuclide data which could be used
as proof of negligible matrix dissolution in tdsts, such as thextremely low and constant concentrations

of the lanthanides or components of the metallic particles (Ekeroth et al 2020). As recognised by Shoesmith
(2013), commonly no corrosion (oxidative dissolution) rates can be measured in presenge of H

13. ALPHA DOPEDUO; LEACHING UNDER ANOXIC AND REDUCING
CONDITIONS.

The majority of the spent nuclear fuel in a geologic repository is not expected to be exposed to
groundwater before storage times of therder ofa thousandyears have elapsed. As discusseddntion

7, already after a few hundred years of storafjeradiation will dominate the radiation field of the spent
nuclear fuelln order to mimic the radiation field of a fethousandyear-old fuel,UC: containing different
fractions of shorilived " -emitters, the secalled-doped UQ, can be used to study the effects 6f
radiolysis on thecorrosion behaviour of aged spent fuel exposed to groundwater in a geologic repository.
Usually, the doping level is reported as content of themitter (Wt%?233U) or as specific activity (MBg/g).

By using the calculated activity decay in the spent fuieh @ertain burprup with time, h-doped samples
FNB fa2 NBETFTSRENBRTASB{ E AL &4 dzh @ vitos?PUL It shauld bekepin.ming 3 2 NJ M
that h-doped UC: does not simulate the compositioand structure ofthe spent fue| only the radiation
field.
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13.1. Anoxic conditions and old fuetThreshold of specificy -activity .

The results of the static batch experiments under Ar flush{Rgndinella et al. 2004in carbonate
containing solutions indicatk that h-radiolysis enhances uranium dissolution for pellets doped with
10wt% 233U, while in the case of lower doping levels such a$%42%3U, corresponding to 3.3 MBq/g, it is
difficult to observe any effect of the-radiolysis on the increase of the U conceriioas with time. The -
radiolysis of a few tens of microns thick water layer near the B@face is expected to produce mainly
molecular radiolytic products as:8. and hydrogenSpinks and Woods 199(s already discusset(1V)
ions in solution or inle UQ solid are oxidized very quickly by traces of oxidants such:&s &hd Q
(Baker and Newton 1961, Newton 1975, Elliot et al. 198@&)y oxidized U(VI) contributes to the increase
of U concentrations due to the presence of bicarbonate ions, whicmfstrong complexes with U(VI). In
spite of the relatively sensitive measurement methods for low uranium concentrations and the absence of
any other reductants than radiolyticoHno detectable increasesere observed during the whole duration
of the experinent (Rondinella et al. 2004The authors proposedé& K NB a K adtivRy bat#eer 3.3 and
oo a.ljk3dX 0SSt 25 @&blgsié colld beDFsEned Thesulfs oMMuzeau et a(2009)
with 2%Pu-doped pellets ofspecific alphaactivity 18 MBqg/g were similar, and the authors proposed this
new specific activity level as the lower linfidr detectingh - radiolysis enhanced dissolution.

13.2. Alpha doped UQleaching under reducing conditions.

The tests carried out by Ollila (200@Yicate clearly that the presence of a small amount of sulphide and
AGNROG Fy2EAO O2yRAGAZY A | NB adzf ¥A-Gdidyyisi from 2 fe@l y OS €
thousandyearold fuel In most tests with?**U-doped UQ (0,5 and 10wt%) under reducing (Fe(s)
presencg conditions, very low total uranium concentrations were measufgd0'® M). The results
showed no evidence for enhanced dissolution of samples contaiffffijover those that contained only
normal levels of?3°U and 23U (Olliila et al. 2003, Ollilaand Oversby 2005 The experiments were
thoroughly analysed for the location of precipitated uranium. Negligible amounts were found on the
corroding iron(Ollilaand Oversby 200k The release of*®U from the samples, especiallydng the first

year or so of testing, appeared to be dominated either by high energy surface sites formed by crushing of
the samples or by higlenergy interior sites at grain boundaries or associated with crystal imperfections.
According to Grambow et a(2017), the observed continuous isotopic exchange on $ifaces despite
solubility equilibrium (Ollila, 2008) cannot be used as proof that there is a significant-atis
transformation despite U@saturation, as it may only involve restructuratiohafew surface sites on U0

given that less than a monlayer is involved in this exchange.

During the Eroject SESthree tests with 1t%23U doped UQwere carried out under various hydrogen
concentrations (Carbol et al. 2005). In the autoclave experiment with 22%0%loped pellet extremely

low U concentrations were measured, even whenwhs substituted with Ar, while XPS analysis of the

pellet surface after test indicated Ugyo(Carbol et al. 2009b). In spite of these results, a clear observation

of any influence of hydrogen is complicated by the very limited effects-tddiolysis, even for pellets

doped with 1@vt%?233U (Rondinella et al. 20043S S LINS @A 2 dza & SOl-Aciwly. 2y G KNBaK2f¢

A UQ pellet with a much higher doping level (385 MBq/g corresponding to 50 years old fueljesizsl

by Muzeau et al(2009= | Yy R | @S NE -radidhSis wik hFev&diider AfFatnfosphere, with
concentrations increasing quickly with time in carbonate solutions. The same system, tested under a 1 bar
Hz atmosphere, showed a slight decrease, not increasfel) concentratiors. Recently Odorowski et al.
(2017) tested the same highly doped pellets (385 MBg/g) in Cal@xfmrdian simulated groundwater and

in the presence of metalliEefoil under Ar atmosphere from start. The results of the more than one year
test showed very low uranium concentrations iolstion (4x101° ¢ 4x10° M), corresponding to the
solubility of UQ-xHO. The analysis of the uranium sorbed or precipitated during the test through
autoclave and iron foil acid stripping indicated that very littdtéal U was released during the wholedie
6dmn>Y2f 0ibwaa Ballbédoy2 FG KS ¢A gl ffta 27 lck®spdndigaoQhe 3S 07T ¢
calculated values with dfor sorption of U(IV) on Ti®D The authors conclude that Fe(ll) progdcby iron
corrosion completely cancels the oxidative dikgion of the highly doped pellets. In her Ph. D. thesis,
Odorowski (2015) reports similar data for the leaching of an unirradiated MOX pellet with alpha activity
1.3x 10° Bg/g, i.e., with a very high alpha dose rate, in the presence of an ironTlodstrong effect of
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Fe(ll) in these tests is probably due to formation of hydrasobonates as Fe corrosion products, not
magnetite, leading tdigh Fe(ll) concentration@ 0*-10° M) in solution. The same unirradiated MOX pellet
dissolved relatively fasn air or Ar atmosphere (Odorowski et al. 2016).

During surface catalytic decomposition;®1 is split in a first step into two Ofhdicals adsorbed at the
surface (HirokandLaVerne 2005). Further reaction of @&tlicals with HOz produces the peroxide radical
HOO and water. Finally, two peroxide radicals giveOkland @, with an overall stoichiometric reaction
HO.= HO + %2 Q. The similarity of the constants for the reactions in bulk solution:

OH +H:0, = H:0 + HOO k = 2.740" M-1s? (1)
OH +Hz= HO + H k = 4.3x10M s )

makes it possible for hydrogen present in solution to react with the surface bound hydroxyl radicals
according to reaction (2). Using deuteriumz@s a tracer of reaction (2), Bauhn et @018a, b) showed

GKFG 1'5h é6Fa AYRSSR LINR RdzOS R-dopetl W®, suppbrtithg the toaclusich[ & dzNJF
that a large part of radiolytic D2, instead of oxidizing uranium, reacts with the hydrogen in the system

to give water.

14. FUELDISSOLUTION RATES UNDER REDUCING CONDITIONS.

From this discussion of the experimental data presenabadve, it is evident that the choice of a rate for

fuel dissolution is not simple. First,is important to keep in mind that U{s) can dissolve in absea of
oxidants and release U(IV) ions (green in solution), or undergo oxidative dissolution (corrosion) in presence
of oxidants and release uranyl ions (t3Qyellow in solution)The noroxidative (or chemical) dissolution
continues from the time of watecontact until the concentration of U(IV) reaches the AK) solubility

limit, hence is not important for the very low flow rates or quasi stationary conditions at the repository
(Ekeroth et al. 2020, Grambow et al. 2010). It may become important for elabe radionuclide release

only in case U(IV) is transported away adsorbed in a clay slurry (SKB 2011). Second, if a low oxidative fuel
fractional dissolution rate is chosen, e.g."H}, the release of U(VI) and other redox sensitive species e.g.
Pu(V), €(VII), Mo(VI) etc. should be considered in the radionuclide transport modelling.

Another factor to be considered is that it is quite difficult to determine such low rates based on accurate
measurements of suppb concentrations of all nuclides in testsder reducing conditions. Thus, an CP

MS error of 20% (R0llin et al. 2001, Johnson et al. 2012, Ekeroth et al 2020) means that in a leach test with
1 g fuel leached in 100 ml groundwater, in spite of an ideally constant U concentration of 1 ppb during one
year, a dissolution rates of 4x2@&™ can be obtained by the slope of the line passing from the lower point

of the error bar for the sampling at day 1 and the higher point of the error bar of the sampling at day 365.
Slight deviations from ideal constan¢l ppb) indicate that the lowest measurable rates are of the order

of ~10% a’L. Alternatively, a dissolution rate of £&x* means that the release of the most abundant nuclide

in spent fuel, U, from 2 g fuel used in a typical autoclave experiment with ~800 ml solution, should cause
an increase of U concentration of 9.2x%0M (or 0.023 ppb) in one year. For this reason, iems
reasonable to assume that ! is the lowest detectable limit of oxidative dissolution (corrosion) rate.
Such low dissolution rates are not too different from a solubility limited model (Johnson 2014). As the
higher limit the rate selected in the@Eproject SPA10° al), based mainly on experimental data obtained

in the presence of various dissolved oxygen levels, may be used (Baudoin et al. 2000). If a low corrosion
rate is selectedthe arguments presented in the two previous sections and others, such as the decrease
of the alpha field at the expected time of canister breach, should be discusséginot convincing to use

just a number and a reference. For a discussion of paranrateges for which the fuel matrix dissolution
model is valid, see e.g. (SKB 2011, Posiva 2021). Criticabndentrations which completely cancel
oxidative fuel dissolution are above 0.8 mM for fresh fuel (Ekeroth et al. 2@@)cal H concentrations

as afunction of fuel age can be found in (Trummer and Jonsson 2010, Liu et al. 2016).

The influence of hydrogen is successfully modelled (see setfpbased on HO | (i | f &-paftidles Bfy

spent fuel, while a mechanism for the threshold of alpha activity is not yet available. Such a mechanism,
otasSR So3aovxr 2y 2E&3ISy G Ol yetoll &dms, @NSBdgéseRin @sibofetzd. f & dzN.
2005, Cui et al. 2008, Shoesmith 2013), would be very valuable to confirm by tests or modelling. The results

of Bauhn et al. (2018a, b) indicate consumption of a large part of radioly® By hydrogen and by
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catalytic decomposition at the fuel surface to teaand oxygen, which is a much slower oxidant. It should

0S 1SLIG Ay WRRYUBRIKISTE {SKS My (G(KS NBIFf Qartklés. 02f R FdzSt

15.0/ 4 %. 4) ! , # !|-RPARTICIES BOISOBING.

5dzS G2 GKSANI KA3IK OparfideS gieéiresistant t6 dvarer Srrogiénl Thé r@lgasesof the

Gl NRA2dza YSial € 02YLIR2ySyiGa dzyRSNJ 2EARIFGAGS S+ OKAyA3
oxidation potentials, i.e. Mo>Tc>Ru>Rh>Pd (Cui et al. 2001), while no releases could be observdd under

bar H (Ekeroth et al. 2020).

It is well knownthat noble metal catalysts, such as e.g., Pd, poésonedby sulphide ions of the
groundwater, which form strong surface complexes with the metal surface (Chaplin et al. 2012, Angeles

Welder et al. 2010)The effect of sulphide ions on radiationduced dissolution of spent fuel has been
investigated by the use of simplified model systems (Yang et al. 2013). The reaction between sulphide and
H.0z is rapid; and 3 to 4 #D» molecules are consumed per oxidizaddzf LIKA RS ® 9 E L3flNsiE Sy G & 67
in the presence of sulphide show that release of radiolytically oxidized uranium decreases with the
concentration of sulphide in solution. Sulphide also reduces uranium (VI) in anoxic solutions (Hua et al.

2006). Nopoisoning of the palladium catalyst could be detected in the presence of relatively high
concentrations of sulphide (1 mM). According to Yang et al. (2013), this is due to the high concentration

of dissolved hydrogen, which causes desorption of sulphidmfthe Pd surface.

The fact that sulphide reacts quickly with®} also means that the small quantities of sulphide ions that
mayremainin the groundwater after its contact with copper and/or iron surfaces of the canister cannot

reach the fuel surfacesalong as it is producing€k. This is the case assumed in a model with an oxidative
dissolution rate in the interval 1®to 10%/year. However, most of the experimental data show no evidence

of oxidative dissolution and in case all peroxide and otheliglytic oxidants are neutralized by hydrogen,

ddzt LIKARS A2ya OlFy NBIOK (i Kpbrticl&sdty tbuildindzNIRSuUIPHIE layerk dza  LJ2 A
Extensive sulphidarsenidecorrosion has been observed in metallic particles from the Oklo site in Gabon
(Utsonomiya and Ewing 2006which occurred probably after radioactivity decakurther, HO:2 or

hypochlorite are used to regenerate Ratalysts poisoned by sulphide in industrial practice (Schith et al.

2004, Wang et al. 2004, Munakadad Reinard2007, Cherand Huang 2013). In case the radiation field of

ALISY G FdzSt A& aidAtt KAIK IpgrtivlesioBcMrSandif duf oti&rimRcBanisi@sh & 2 Y A y
contribute to hydrogen activation, the produced radiolytic oxidants should create oxglizimditions at

the surface. This implies that all sulphide will be consumed b®:tnd the catalyst surface will be
regenerated.

16. FUEL DISSOLUTION MODELLING

Since the first studies of spent fuel dissolution, efforts to model the radiolytically promotdifasolution

in more or less detailed mechanistic approaches were also undertakies.driving force is the required
mechanistic understanding of the radionuclide release processes in the applicationEdnsingSNF
disposalsA short description oftte published and most frequently used mechanistic models will be given

in this section; more details can be found in e.g. Eriksen et al. 2012, Roth and Jonsson 2008, Carbol et al.
2020, Grambow 2021.

The development of a radiolytic model for fuel dissadut needs to consider radiolytic oxidant production,
homogeneous reactions in bulk solution, diffusive transport and heterogeneous reactions on the fuel
surface. The homogeneous watli RA 2 f & & A &% -@ Iy dr@a8i®iondsiathdroughly investigatd

field, due to the needs of nuclear industridigh quality databases with experimental values for reaction
rates between various radiolytic species and the radiolytic yields (@alGes) exist, as well as computer
programs such as Maxima Chemist (Careerll. 1996) and Chemsimul (Kirkegaard et al. 2008), which
basically solve a system of differential equations of the type dCi/dt= k Ci and calculate the concentrations
of all species as a function of time. The dose rate emitted from the fuel surfaceseduogether with the
radiolytic yields (&values) to calculate the rate of production of all species in solution. For alpha radiolysis,
sometimes an average dose rate is used to calculate the production of e@:ad: R = DX w X Gioz,

where D is tK S | @ S-tiikedr&te, "-density of water, Gzozradiolytic yield for the given species.
{SOSNYt @¢g2NJa KI @S § NBdsdiratR prafilksSat e flieD saffdcdi usidg/ varbd b
approaches e.gthe ratio betweenthe specific stopping power values in water and in2&under 1994),
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other approximations (Nielsen and Jonsson 2006), Beteck equation, (Cachoir et al. 2005, Poulesquen
et al. 2006), as well as SRIM and ASTAR stopping power databases (Hansson et al. 2020).

In the first fuel models (Christensen et al 1994, Christensen 1998)n dgiveeabsence of kinetic data for

fuel surface reactions with oxidants, it was assumed that the first layer of fuel in contact with water was

dissolved, in order to use kinetic equations for homogeneous reactions in the model. Reactions involving
both radical and molecular species with the first fuel layer, based on available data for oxidation of other

metal ions than U were used and the constants were adjusted based on electrochemical datafor UO
oxidation and dissolution. Similar homogeneous kinetigglie reaction of the first fuel layer was assumed

in the models of Kelm and Bohnert (2004), Traramo (Lundstrém 2003) and Poulesquen et al. (2006).

The Matrix alteration model (MAM) was developed during BESNEPROand MICADOEGprojects by
Amphos21, CIEMAT and ENRESA, considering water radiolysis and the kindtie$ afidation by
molecular and radical species, as wellddssolution reactiongor surface species (Merino et al. 200By
expressinghie concentration of surface species as the product of surface site density (Clarens et al. 2004)
and surface to wlume ratio, homogeneous kinetics codes could be used (Quinones et al. 2006). The
constants were derived by calibrating the multistep oxidatgurface complexatiomissolution
mechanismwith experimentaldata on UQ dissolution(de Pablo et al. 2004, de Pablo et al. 1999, Bruno
etal. 1991 ¢ KS Y2RS{t @gdoped UQani shéhRueldifsolutioiMerino et al. 2005, Riba

et al. 2020) The effect of hydrogen on spent fuel dissolution rades -patticle catalysis waalso included

(Duro et al.2013).

The modelof SUBATECKHGrambow et al. 2011yonsiders water radiolysis and diffusion of radiolytic
species with the radiolytic transport code Trararflaundstrom 2003)as well aglose gradients at the fuel
surface. The wateradiolysis model and electrochemical surface reactions are coupled. The effegtiof H
described by an effect on the corrosion potential.

The Fuel Matrix Dissolution Model (FMDM) is an electrochemical reaction/diffusion model (Jerden et al.
2015), based o previous mixed potential models (King and Kolar 1999, Shoesmith et al. 2003), but has
Ay Of dpafides on the fuel surface, which catalyse both reactions with oxidants and with hydrogen.
Account is taken for the change in threshold for oxidative disson with pH and the model accounts also

for temperature influence, precipitates on the fuel surface, etc..

The steady state model was developed by KTH (Royal Institute of Technology, Stockholm) group (Jonsson
et al. 2007, Roth and Jonsson 2008) anis italled so because in a system with constant radiation dose
rate, the concentrations of the oxidants at the surface reach relatively fast (seconds to minutes) a steady
state. This occurs when the rate of oxidant production by radiolysis equals thaiddrtxconsumption by

fuel oxidation. This group introduced the study of the heterogeneous kinetics by determining elementary
oxidation rate constants (sectiohl), but also kinetic constants for other important interfacial reaction
rates, especially these occurring ¢rparticles (simulated by Pd), such as the reaction pfiith H2O2
(Nilsson and Jonsson 2008a) arwith U(VI) in solution (Nilsson and Jonsson 2008b). However, the main
effect from the presence of-particlesand H wasfound to be solid phase reduction of oxidized bJ@n

the surface of the spent nuclear fudtlectrochemicameasurements of verjow corrosion potentials for
SIMFUEL electrodes in presence of hydrogemdBcowskiet al. 2005)A Y RA O i S -particlesiare i K S
galvanically coupled to the UW@natrix. Studies of the catalytieffect of pure Peparticles on the reaction
between HO. and B had shown that the second order rate constant withespect to HO:2 and Pd is
virtually diffusion controlled(i.e.very fas} for H: pressures higher than 1 bar i{sson and Jonssor2008)

(see Figure 7). The efficiency and dynamics of the solid phase reduction proeessconfirmed in
experiments using Ufpellets doped with Pd particleff'rummer et al. 2008, 2009)nd in longterm fuel
leaching
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UO2(COs)n>2"(aq) + n H

A

2H  H,

n HCGs 2 OH H20:

Figure 7: Elementary processes for fuel dissolution by radiolytic oxidants in presence of H.. From Eriksen et al.
2008.

experiments in sealed glass ampoules (Cera et al. 2006, Eriksen et al. 2008), which indicate that the rate
of fuel dissolution approaches zero when the concentration of radiolytically produeéslinl the range of

10%to 10* mol dnt3. The influence of 1) in bulk solution was introduced by considering an appropriate
function of the rate constant that reduces the:® concentration at the fuel surface, estimated from
simulations (Nielsen et al. 2008). The model considers water radiolysis, diffusispesfies and
heterogeneous kinetics at the spent fuel surface, considering that oy ptoduction leads to spent fuel
oxidation, since its contribution is ~ 99.9% of the total (Ekeroth et al. 2006). All oxidized spent fuel is
considered to be dissolvedf [HCG] > 1 mM. The model predicts that only 0.1 bar WMll effectively

inhibit the dissolution of the spent fuel aged 100 years or more, while in the presence of 1 fiMefFen

0.01 bar Hwill be sufficient to stop oxidative fuel dissolution (Jonson et al. 2007).

The model of UWO (University of Western @no, Canada) first used a omgmensional model with
diffusionreaction expressions solved numerically by finite element methods (Wu et al. 2012). It took into
account theh -radiolysis of water, the reaction ofz@2 with UQ; (see right hand part ofigure7), selecting

a high constant to compensate for the galvanic coupling with noble metal particles, the reaction with H
via galvanic coupling (electrons from thtalysel on¥-particles reduce U atoms oxidized by®d, which
otherwise would be released as soluble uranyl carbonate complexes), and the consumptie®-0fyH
Fe(ll) in bulk solution. The dominant redox control agent was found to be H2. Later, (Wu et al) 2014a
considered a fult -radiolysis scheme (instead of only®1) and reactiordiffusion expressions were solved

for a two-dimensional model. The interaction ob®: with metallic particles was introduced explicitly. The
2-D model was used also to model cosion in fuel fractures (Wu et al. 2014b). Liu et al. (2016) modified
the 2-D model to determine the separate effects of radiolytic(Hternal to a fracture) from that produced

by iron corrosion (external) on the suppression of spent fuel corrosion féereént fracture geometries,
h-radiation dose rates and concentrations of external Hater, the model was successfully tested with
experimental data ort-doped UQ dissolution and investigated also the influence of oxygen fros®.H
decomposition and radilytic Kb accumulation in a closed system on fuel dissolution (Liu et al. 2017c).

Mechanistic models ttempt normallyto describe theresultsof individual dissolution experiments using

UG or SIMFUEland external h- or ! -irradiationZ -dbped UQ or spent fuel The simplerradionuclide
release models for spent nuclear fuel, applied by the waste management organisations irsaffiefy
assessment codes to calculate radionucligéease from a breached canister in the repository select a
fractional release rate interval for the fuel, based on the analysis of all available data for the given
repository conditions and discuss also for which environmental parameter ranges the model isThalid.
cases of irregular fuel (fuel damaged in reactor, fuel resgjexperimental reactor fuel, etc.) are handled
separately. In these radionuclide release models, the IRF as percent of the total inventory is estimated and
is released immediately upon water contact. Usually, fractional release rates for activation psddoum
metallic parts of fuel assemblies as the metals corrode are also estimated based on available corrosion
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data. Examples ofafety assessmermieleasemodels estimating (1) release of activation products from
Zircaloy and other metal parts of the fuassemblies through corrosion, (2) IRfistant ReleaseFraction)
for all relevant nuclidesind (3) fuel matriXractional dissolutionrate, can be found in Johnson (2014),
Werme et al. (2004fonly IRF and matrix dissolution) or Posiva source term re(Rosiva 2021).

17.LONG-TIME STRUCTURAL STABILITY OF THE FUEL MATRIX.

The time at which the fuel will contact water is estimated to be in the range of thousands to millions of
years after disposal. The effects of radioactive decay, mainly alpha decapudldeup of helium could
possibly change the microstructure of the fuel over these long time peribdsing long term storage in

the repository as long as the canister is not breached, no consequences of radiation damage are expected
in this mixed oxidevasteform (Matzke 1982) This is because both component oxides {JJuQ) in MOX

or UG fuel are of the fluorite type structure, which are not susceptible to radiation induced amorphization
(at least for temperatures above 5 K for b)J@WVeber et al. 1998 This is an enormous advantage of the

high symmetry of the fluorite structures, which usually have less than 1% swedimgncrease of the
lattice parameter (up to 0.6%gnd an increase of Vickers hardnedse to radiation damagéWiss et al

2014), butdo not become amorphous even for relatively high dpa (displacement per atom) values

AlphaSelf Irradiation BhancedDiffusion (ASIED), similar to athermal diffusion observed in the reactor
caused hyfissionfragments, was suggestead the beginning of 200to cause mobility of fission products

in the long term. Various models were proposed to estimate this alphaisalliation enhanced diffusion
(Ferry et al. 200b An upper estimate was based on the extrapolation of the measured athermal diffusion
coefficient of uranium atoms during reactor operation by assuming proportionality of the diffusion
coefficient (D im?/s) with the alpha activity per volume {ABg/m?). Further research showed that this
effect was negligible. Ferry et 42008 describe an experimental study where heavy ion bombardment of
iodine implanted U@was used to simulate the effect of alpha irradiation on iodine mobility ir E@I.

No measuable displacement of iodine could be detected (less than 50 nm), which is consistent with a
diffusion coefficient of about 168 m?/s. Ferry et al(2008) concluded that the athermal diffusion process
would make a negligible contribution the IRETheya G I 4§ SRY a. | aSR 2y GKS2NBGAOI ¢
experimentssh Y dzf | -ilgcay Bffebts on atom mobility in spent fuel, the release of fission products to
grainboundaries should not be significant even on the lahg NJYhesk conclusions are supportetsa

by the modelling works of Van Brutzahd Crocombette(2007) and Martin et al(2009).

The large number of alpha decais spent fuel(seeFigure4) results in He atom bubbles, which start
forming in conventional spent fuel after several thousand years; however, in MOX fuels, they could begin
forming within 1000 years (Wiss et al., 201Bgrry et al (2008 analysed the effect of helium buHdp in

the central and intermediate zoneas well as in the rim structure of the fuel pell@he calculated amount

of helium accumulated in bubbles prior to 4Qears, based on the conservative assumption thatHl
atomsare trappedin bubbles, is much loweahan the critical values derived from rupture criteridsing

the data presented by Ferry et gr008), one can conclude that the helium produced by algtexay is

not sufficient to produce micraracking of grains in W3duel for several hundred thousangears (SKB
201(p). The operational model presented in Ferry et(2008 was improved furtherFerry et al. 201D
concerningthe calculation of the pressure in highly compressed gas thedupture criteria Extremely
high pressures have been estimated fission gas bubbles, where Xe has the density of the solid Xe
(Thomas 1991, Nogita and Une 1998). The authors recognise that observationsiompldated UQX - h
doped UQ pellets and natural analogues evidence a macroscopic damage for He concentratadrez¢h
more than an order of magnitude higher than the&ialculated helium critical concentrations (Ferry et al
2016).

A sample of natural uranium dioxidpitchblende) from Pen ARanminein Francewas studied by (Roudil

et al. 2008) The sample was 320 Ma old and had not been subjected to any single events that could have
caused helium loss. The samgplead retained less than 5% (2.1% on average) of the total amount of
radiogenic helium formeagndi KS Rl YI 3 S £d&c@ys fvas RisaSeryinggh (about 180 dpdd)
macroscopic damage, such as opening of grain boundaries orgnénaular fractures, was observedhe
authors deduced &le diffusion coefficient that is nine orders of magnitude highkan that expected in

UQ: nuclear fuel According to Ferry et al. (2010he high release of He mdpe due to bubble coalescence

and percolation, without creatingny other damage in the material
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