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Abstract

In the framework of the research conducted on the long term evolution of spent nuclear fuel under geological dis-
posal conditions, a source term model has been developed to evaluate the instantaneous release of radionuclides (RN)
(instant release fraction, IRF) and the delayed release of the RN which are embedded within the matrix. This model
takes into account most of the scientific results currently available except the effect of hydrogen and the current knowl-
edge of the uncertainties. IRF was assessed by considering the evolution with time of the RN inventories located within
the fuel microstructure to which no confinement properties can be allocated over the long term (gap, rim, grain bound-
aries). This allows for bounding values for the IRF as a function of time of canister breach and burnup. The matrix
radiolytic dissolution was modeled by a simple kinetic model neglecting the recombination of radiolytic species and
the influence of aqueous ligands. The oxidation of the UO2 matrix was assumed not to be kinetically controlled. Spent
fuel performance was therefore demonstrated to mainly depend on the reactive surface area.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Direct disposal is being studied in many countries as
a possible way to manage commercial spent nuclear fuel
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(CSNF). Although the reprocessing of spent fuel is
clearly the reference scenario for the management of
spent fuel in France, only two thirds of the total annual
budget of spent nuclear fuel are currently reprocessed in
order to meet the need for the Pu recovered by repro-
cessing and recycled as MOX fuel: �350 tHM y�1 are
currently stored waiting for further decision, delayed
reprocessing, long-term storage or ultimate disposal.
These stored fuels are either MOX or relatively high
ed.
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burnup UOX fuels (P47.5 GWd t�1) since lower bur-
nup CSNF has already been reprocessed in the past
years. The 1991 French law on nuclear waste manage-
ment has required the direct disposal of CSNF to be
studied as a potential option for the back-end of the
fuel-cycle [1]. The aim is to bring to the political and
industrial stakeholders all the available scientific and
technical information on spent nuclear fuel long-term
evolution and related performances, in order to help
them to potentially make decisions about the final fate
of commercial spent nuclear fuel in 2006.

In this context, one of the major expected input from
the research on CNSF is to have a robust and reliable
model to describe the progressive and slow release of
radionuclides (RN) from the fuel packages under deep
repository conditions [2–4]. These models are therefore
to be used in subsequent performance assessments and
safety analyses in order to evaluate the long term impact
of potential geological disposal. The models have to
account for all the available knowledge on CSNF
long term evolution and simultaneously to consider, as
necessary, some conservative assumptions to avoid an
underestimation of RN release. Indeed, safety analyses
have specific requirement in the sense that they need to
be robust towards the current uncertainty or lack of
knowledge on all the relevant mechanisms and para-
meters.

Experiments performed on CSNF since the late 1970s
demonstrated that the release of RN from spent nuclear
fuel proceeds by two consecutive processes [5]:

(i) A relative instantaneous release of radionuclides,
often referred to as the instant release fraction
(IRF), which dominates the short term release.
This fraction is usually released in laboratory
experiments in some months and progressively
decreases. This release is assumed to be related
to the radionuclides (RN) which are located
within the zones of the rod which have no reten-
tion capacity when water arrives at the contact
of the fuel in the canister. These zones are
described in the literature as being the gap
interface between the cladding and the pellet, the
fractures and part of the grain boundaries. Exper-
imental results indicate that these radionuclides
correspond roughly for fresh fuel to 3–5% of the
total inventory [for example 6].

(ii) A slow long-term RN release which is often
referred to as the matrix contribution. This is
assumed to correspond to the release of the RN
which are embedded within the uranium dioxide
matrix. They are therefore released through the
dissolution of the matrix. Reference conditions
in geological repository in France are strongly
reducing (��200 mV) and groundwaters are
dominated by carbonates and silicates [7]. Under
these conditions, spent fuel matrix has been
assumed to be corroded through the radiolytic
dissolution linked to the existence of a significant
a radiolysis at the fuel/water interface [8,9]. Much
effort has been put in the last years to build a
reliable matrix alteration model including the
radiolytic dissolutions [for example 10].

Published performance assessment (PA) calculations
demonstrate the strong impact of the IRF on the
doses arising from direct disposal [11,12]. The IRF is in-
deed mainly composed of weakly sorbing and highly
mobile long-lived radionuclides such as 129I, 36Cl and
135Cs.

The first part of this paper [13] presents the current
generic IRF model developed by CEA and NAGRA
in the framework of the SFS European project
(FIKW-CT-2001-00192 SFS; [14]). The second part
more specifically focuses: (i) on the matrix alteration
model developed in France to describe the RN release
from the CSNF under geological disposal conditions
and (ii) the subsequent anticipated spent fuel perfor-
mance in geological disposal.
2. Phenomenology of spent fuel alteration under

disposal conditions

2.1. Identification of the processes involved in the

CSNF alteration

The release of radionuclides from the CSNF matrix
will be controlled by the rate at which the uranium ma-
trix is corroded. Although uranium is sparingly soluble
under reducing conditions similar to those encountered
in a repository site [15], its solubility can increase signif-
icantly at the UO2/water interface because of the abc
irradiation field. Indeed, water radiolysis produces both
oxidizing and reducing primary species as radicals (OH�,
HO�

2, e
�
aq, H

�) or in molecular form (H3O
+, H2, H2O2) at

concentrations that depend on the nature of the radia-
tion (a or bc) and on the dose deposited in the water
[16]. O2 is not a primary radiolytic specie but comes
from the recombination of primary species or dismuta-
tion of H2O2. Radiolysis can therefore lead to the onset
of oxidizing conditions at the UO2/water interface (re-
dox disequilibrium with the environment) and accelerate
the dissolution of the spent fuel matrix under disposal
conditions. The French reference scenario of deep repos-
itory does not anticipate any water intrusion within the
canister before at least 10000 y except in a few defective
canisters. This time is related to the time needed for
water to resaturate the engineered barrier system and
corrode the canister before reaching the spent fuel
assembly. Therefore, except for the off-normal scenario
of early breaching, water will then contact the spent fuel
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after bc radiations significantly decreased by more than
three orders of magnitude lower than the a radiation,
which will dominate the radiation field for several
100000 years (Fig. 1).

Alpha particles, the mean energy of which is
�5.25 MeV for CSNF, have a high linear energy trans-
fer (LET) and will therefore transfer their energy to
water over a limited distance which is estimated to be
<45 lm from the fuel surface [17]. In addition, a radiol-
ysis favors the formation of molecular species such as
H2O2, H2 or O2 instead of radicals. These molecules will
be directly produced close to the CSNF surface and part
of them will subsequently react with the fuel surface,
oxidizing U(IV) to U(VI). The global balance of this
process is the formation of an oxidative layer at the
fuel/water interface (UO2+x with 0 < x < 0.33) [8,9,11].
Subsequently, water ligands (OH�, HCO�

3 ; . . .) will lead
to the release of U(VI) into the solution and the forma-
tion of inorganic complexes. Carbonates have been in
particular demonstrated to significantly favor the release
of U(VI) in solution [12]. Aqueous uranium may then
precipitate either locally on the fuel surface or further
in the near-field, depending on the global redox balance
(significance of the water volume which is oxidizing) and
the water chemistry. Fig. 2 schematizes the successive
processes involved in the CSNF alteration in deep
repository.

Under repository conditions, experimental results
have evidenced that the water radiolysis and the matrix
oxidation are in most cases the limiting steps for the fol-
lowing reasons: (i) carbonates are significantly present
within the environment and enhance the U(VI) release
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Fig. 1. Evolution of a, b and c radiations as a function of time for a
isotopic evolution code [35].
towards the solution, (ii) XPS measurements on un-irra-
diated UO2 have shown the absence of a U(VI) layer
[19,20] during UO2 alteration in presence of carbonates.
In addition, focusing on the first two steps is conserva-
tive in the sense that they will not lead to underestima-
tion of the RN release rate. Most of the current
research is therefore focused on the radiolysis and oxida-
tion steps that are supposed to be the limiting ones.

2.2. Current status of CSNF alteration model

development

Several works have been undertaken in the last years
to quantify the specific influence of a activity on CSNF
alteration and to develop scientific model to predict the
long term alteration of CSNF [10,12,17,18,21–25]. These
models aim to relate the alteration rate (R) to the a
residual activity of the fuel (a dose rate and/or a dose
and/or a specific activity), the fuel surface (reactive sur-
face area S) and the physico-chemical conditions (T, P
and water composition). The development of these mod-
els is based on two types of methodologies:

• Electrochemical studies: They use the electrochemical
properties of UO2 which allows to relate the corro-
sion potential to the corrosion rate [9,26]. This
approach was in particular developed by the Cana-
dian team [18,21,26]. They allow having specifically
relevant information on the oxidation step.

• Chemical studies: They aim to measure along the
experiments the evolution of the solution concentra-
tions, in particular the uranium concentration, the
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Fig. 2. Identification of the major processes involved in the spent fuel radiolytic dissolution at the fuel/water interface. Alpha particles
entering in water produces radiolytic oxidants which subsequently oxidizes uranium in the spent nuclear fuel matrix. Uranium is
therefore released through the aqueous ligands attachment. Finally, aqueous uranium can re-precipitate as secondary phases.
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interpretation of which is not always straightforward
since it supposes to deconvolute the respective influ-
ence of dissolution, U sorption, secondary phases
precipitation, occurrence of colloids. Therefore, other
elements are also commonly followed like Sr as they
are supposed to be indicator of the matrix
dissolution.

These methodologies are in particular applied on
dedicated radiolytic experiments for which two main
types can also be distinguished:

• External irradiation experiments: They are using
external a source to produce the radiolytic species
at the fuel/water interface. In particular, Sattonnay
et al. [27] and Corbel et al. [28] use a 4He2+ flux pro-
duced by a cyclotron to irradiate through thin UO2

samples and reproduce hence the geometry of the
fuel/water interface. These works demonstrate that
(i) the dissolution rate can be related to the dose rate,
(ii) the significant role played by H2O2 even though
radicals have also to be accounted for.

• Experiments with a-doped UO2: Initiated by Gray [29]
and widely used since then, doping UO2 with a emit-
ters allows to strictly reproduce the processes
involved in the fuel alteration, except for the cumu-
lated dose and damages produced within the matrix.
First results [29,30] clearly demonstrates the signifi-
cant influence of the a flux on the pellet dissolution
rates which increases by one or two orders of magni-
tude; However, no clear relation between the a activ-
ity and the dissolution rate was demonstrated.
Conversely, the most recent results [30,31] demon-
strate in deaerated conditions a good correlation
between a flux and uranium release rate with rates
ranging between 3 and 10�2 mg m�2 j�1.
From these results, several types of models have been
developed:

(i) An electrochemical model based on description of
the UO2 oxidation at the anode and oxidants
reduction reactions at the cathode [18,21,26,
32].

(ii) A chemical model based on the formalism of the
mineral/water interface description developed by
Stumm and focusing on the kinetics of surface
complexes [20]; this model succeeds in reproduc-
ing the results of UO2 dissolution in carbonate
medium, but fails to reproduce data at low car-
bonate and oxygen content. This is interpreted
as due to the absence of radiolytic models, which
are more influencing under these conditions.
However, this approach succeeds to rationalize
most of the results available on unirradiated UO2.

(iii) A more general model of radiolysis detailing the
reactions occurring in the various zone of the
fuel/water interface (zones irradiated respectively
by c, by bc and by abc when approaching the
fuel/water interface) [33]. This latter model con-
siders the diffusion of the various species and the
primary radiolytic yields to estimate the produc-
tion of radiolytic species. It reproduces reasonably
well the experimental dissolution rate and vol-
umes of gases produced by radiolysis in deionised
water on both a-doped and spent fuel [17,2]. How-
ever, some parameters have to be adjusted such as
the H2O2 decomposition and the diffusion length
of radicals. In addition, it is with difficulty appli-
cable to more realistic models since it should
include all the reactions between the various
radiolytic species and the groundwater species,
for most of which the kinetic constants are not
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available. Finally, it contains more than 150
kinetic reactions coupled together and although
it is a good research model, it has not been consid-
ered in the French approach as easily usable for
long term prediction and PA calculations.
3. Assessment of the radionuclides release matrix

alteration model

3.1. Modeling the radiolysis production of oxidants

CEA has developed a new spent fuel matrix alter-
ation model for the performance assessment (PA). This
model aims to quantify the RN release rates with robust-
ness, avoiding any uncontrolled complexity, focusing on
the most significant processes. It also aims to avoid any
underestimation of the RN release and voluntarily
stands therefore rather on the conservative side. It is
based on all the available well-established results from
the literature and the CEA research program [2–
4,34,35]. Lastly, it aims to only use operational parame-
ters, like burnups, which are accessible to the end-users
and the implementers. In this context, water radiolysis at
the fuel/water interface has been modeled by considering
only the primary species in water (and therefore not oxy-
gen) and the primary species as tabulated in radiolysis
kinetic models [23]. Molecular and radicals oxidants
are therefore assumed to be produced by alpha radioly-
sis and not consumed by any scavengers. In particular,
reducing species have been neglected as well as any other
aqueous species, and this is obviously conservative. Oxi-
dative species considered are therefore H2O2 and radi-
cals OH� and HO�

2. The amount of radiolytic species
produced by the fuel a activity has been conservatively
estimated based on geometric consideration. The energy
released into water E at the fuel interface is calculated by

dE
dt

¼ 1

g
� Ea � Av � S � L; ð1Þ

where S stands for the reactive surface area (m2 g�1), Ea

the average energy released by spent fuel a decays
(5.25 · 106 eV particle�1), Av for the volume a activity
of spent fuel (Bq g�1), L for the mean path of a particles
in the fuel matrix (12 · 10�6 m) and g a geometric factor
accounting for the relative number of a particles pro-
duced within the volume (S · L) which can reach water
and produce oxidants while assuming that all the energy
is deposited at the end of the pathway at the Bragg peak.
If we assume that the fuel/water interface can be mod-
eled by a 2-D surface (extension of the fragments
�L = 12 lm in order to neglect the curvature) and
thickness of the water layer is higher than 40 lm, the
geometric factor equals 4, meaning 1/4th of the a parti-
cles reach water.
This energy is almost integrally transferred to water
and produce radiolytic species which can be estimated
using the primary radiolytic yield Gi:

Noxidants ¼
X
i

dE
dt

Gi. ð2Þ

These species are produced at a certain distance from the
fuel/water interface, but within the first 45 lm which is
the maximum penetration depth of a particles from
the fuel surface [17].

3.2. Modeling the fuel oxidation

Oxidants have therefore to diffuse from where they
are produced to the fuel surface in order to react with
U(IV). This process is assumed to be isotropic which
means that statistically, only half of the oxidants can
reach the surface and oxidize the fuel since their lifetimes
are short. Due to the lack of reliable and extrapolable
experimental data, we conservatively assume that all
the oxidants which reach the surface react with U(IV)
to produce U(VI). This hypothesis is obviously very con-
servative but can hardly be avoided due to the lack of
data on the influence of natural aqueous species (major
and trace elements) on primary radiolytic species fate.

French reference site of Bure where an underground
research laboratory is under construction is located in
the Callovo-Oxfordian argilites at �500 m depth in a
strongly reducing (Eh � �200 mV) and slightly alkaline
(pH � 7–9) environment [7]. Around the fuel interface,
a locally oxidizing environment is supposed to occur un-
der the influence of radiolysis with Eh > 200 mV. In such
an environment, uranium aqueous speciation is domi-
nated by UO2(OH)2. Fuel oxidation can therefore be
modeled by the following equations [23,25]:

UO2 þHO2 ! UO3HþH2O2 �H2O ð3Þ
UO2 þH2O2 ! UO3HþOH ð4Þ
UO2 þOH ! UO3H ð5Þ
2UO3H ! UO2ðOHÞ2 þUO2 ð6Þ

Considering the global balance of uranium and
oxidants, it can be demonstrated that

ð3GHO2
þ 2GH2O2

þ GOHÞ �UO2 þ GHO2
�HO2

þ GHO2
�H2Oþ GH2O2

�H2O2 þ GOH �OH
! ð3GHO2

þ 2GH2O2
þ GOHÞ �UO3H ð7Þ

where Gi stands for primary radiolytic yield of specie i.
Considering Eq. (6) and Eq. (5), it comes out:

3

2
GHO2

þ GH2O2
þ 1

2
GOH

� �
�UO2 þ GHO2

�HO2

þ GHO2
�H2Oþ GH2O2

�H2O2 þ GOH �OH

! 3

2
GHO2

þ GH2O2
þ 1

2
GOH

� �
�UO2ðOHÞ2 ð8Þ
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In order to simplify the reaction scheme and the equa-
tion, every oxidant has been gathered beyond an opera-
tional apparent oxidative specie which is H2O



2. By

defining

H2O


2 ¼ GHO2

�HO2 þ GHO2
�H2Oþ GH2O2

�H2O2

þ GOH �OH ð9Þ

It comes out:

3

2
GHO2

þ GH2O2
þ 1

2
GOH

� �
�UO2 þH2O



2

! 3

2
GHO2

þ GH2O2
þ 1

2
GOH

� �
�UO2ðOHÞ2 ð10Þ

Considering the whole mass balance and a given time,
the system reacts as if 3

2
GHO2

þ GH2O2
þ 1

2
GOH

� �
moles

of UO2 would be oxidised by one mole of H2O


2 produc-

ing thus 3
2
GHO2

þ GH2O2
þ 1

2
GOH

� �
�
moles of UO2(OH)2.

The oxidation rate law of UO2 can hence be written
as

1

S
d½U�
dt

ðkg m�2 s�1Þ ¼ MU

g
Ea

3
2
GHO2

þ GH2O2
þ 1

2
GOH

� �
2

 AvðtÞ
N

L; ð11Þ

where S stands for the reactive surface area,MU the mo-
lar mass of uranium, Ea the average energy released by
spent fuel alpha decays, L for the mean path of a parti-
cles in the fuel matrix, Gi for the radiolytic yield of the
radiolytic specie i, N is the Avogadro number and g
the geometric factor. Reference values of the parameters
are given in Table 1.

Using the previous equation and the reference value
of the parameters, the fuel corrosion rate R can there-
fore been expressed as

R mg d�1� �
¼ 3:86 10�15 � Sðm2Þ � AvðtÞ Bq m�3� �

.

ð12Þ

We hence obtain a relation between the fuel corrosion
rate and the reactive surface area and the residual a vol-
ume activity of the fuel which can be directly related to
the burnup and age of the spent fuel.
Table 1
Reference value for the parameters used in the Eq. (11) to assess the

Parameters Meaning

MU Molar mass of uranium
Ea Average energy released by spent fuel a d
GHO2

Radiolytic yield of specie HO�
2

GH2O2
Radiolytic yield of specie H2O2

GOH Radiolytic yield of specie OH�

L Mean path of a particles in the fuel matr
N Avogadro number
3.3. Discussion of the main hypothesis

The Eq. (11) has been derived by using some major
hypotheses on the reactivity of radiolytic species at the
fuel/water interface, the validity of which is discussed
in this section.

• Diffusion length of a in the UOX matrix (L): This
parameter has been assessed by using the TRIM code
[36] based on the Bethe–Bloch equation. No model-
specific uncertainty is associated to this parameter
but experiments show that penetration depth can
deviate roughly 10% from the calculated value.

• Average energy of a particles (Ea): The value used for
this parameter corresponds to the initial average
energy of a particles. More detailed calculations
should consider the time evolution of this average
energy, but the effect is expected to be of the second
order.

• Geometrical factor g: This parameter is calculated by
assessing the solid angle in which a particle has to be
to reach the surface assuming it does not loose part
of its energy along its trajectory. The value used in
the model (g = 4) is clearly conservative since it
assumes that no energy is given to the fuel although
the energy loss occurs all along the particle pathway.
More detailed calculations showed that most of the
release energy comes from the atoms near the surface
which do not give much of their energy to the matrix.
These calculations also show that g has to be between
4 and 5. Beyond these values, this model assumes that
the fuel/water interface can be simulated as a 2-D
planar surface with 40 lm of free water, which pre-
vents it from being directly applicable to very small
particles (high surface area). In particular, this model
can not be applied in very dispersed system where
grain boundaries are open to water.

• Primary radiolytic yield of oxidizing radiolytic species:

The model developed only deals with the primary
radiolytic yield after 10�6 s and neglects the recombi-
nation of radiolytic species together. It also neglects
the reducing radiolytic species (in particular H2) which
is clearly conservative. Accounting for the complete
reaction schemes would require using a short term
alteration rate of the spent fuel matrix ((*) taken from [54])

Reference value

0.238 kg mol�1

ecay 5.25 · 106 eV particle�1

0.22 · 10�2 eV particles�1 (*)
0.985 · 10�2 eV particles�1 (*)
0.24 · 10�2 eV particles�1 (*)

ix 12 · 10�6 m
6.023 · 1023
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kinetic model which does not seem to be reasonable
for predicting any long term behavior. In addition, it
would require considering the effective influence of
every major and minor groundwater component,
which is far from the current state of knowledge.

• Yield of the oxidation reaction: One of the major
hypotheses we used is that the fuel oxidation reaction
is complete and consumes all the produced radiolytic
oxidants. This hypothesis is not consistent with the
scarce experimental results available which rather
show that �5–10% of the radiolytic oxidants effec-
tively oxidize spent fuel [37]. However, in order to
ensure the conservatism of the model, a yield of
100% has been used due to the lack of robust data
on the influence of aqueous species on the oxidation
yield, on the significance of H2O2 dismutation reac-
tions and on the lifetime of radicals. More realistic
hypothesis should be available in the near-future
based on the available experimental programs.

3.4. Comparison with the experimental data

Fuel alteration rates (mg m�2 day�1) as predicted by
the Eq. (12) have been compared to available experimen-
tal data obtained both on irradiated fuels and on a-
doped UO2 as a function of the residual a activity
(MBq g�1) (Fig. 3). It has to be mentioned that the com-
parison was limited by the frequent absence of indica-
tions on the a activity in the literature where the dose
is preferentially detailed. Also, we voluntarily restrict
our comparison to data obtained in deionised water in
absence of any other redox sensitive elements which
could consume part of the oxidants and hence decrease
the global alteration rate.
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Fig. 3. Comparison of the experimental and modeled alteration rate
Experimental data are taken from [24,38–40].
From this figure, it can clearly be observed that the
model well predicts the evolution of the alteration rate
with the residual a activity since the trend depicted by
the experimental results is well reproduced. However,
the model over-predicts the alteration rate by less than
one order of magnitude. This result is not surprising
with regards to the numerous conservative assumptions
used in the model, in particular about the yield of ura-
nium oxidation by radiolytic oxidants. Interestingly,
one can estimate a kind of global effectiveness of the
radiolytic oxidants by introducing an effective oxidation
yield in the equation and fitting it to the experimental
data. This fit is represented on the figure by the dashed
line and corresponds to an effective efficiency of 25%.
This means that in order to reproduce the experimental
data, one has to assume that roughly one eighth of the
oxidants effectively oxidize the fuel matrix instead of
one half. This value is relatively close to the available
experimental values which are rather in the range 5–
10%. For the perspective of assessing the global spent
fuel performance in geological disposal, this conserva-
tive performance was estimated as reasonably good with
regards to the robustness of the approach, and it allows
overcoming the current uncertainties on the fuel radio-
lytic alteration.
4. Assessment of the global fuel performance in

geological disposal

RN release in geological disposal proceeds by
two complementary processes, which are the instanta-
neous release of the so-called IRF and the continu-
ous but slow matrix release due to the radiolytic
dissolution.
1.0E+02 1.0E+03 1.0E+04
ctivity (MBq.g-1)

s (mg m�2 d�1) as a function of residual a activity (MBq g�1).



Table 3
Distribution of the fission gas in MOX fuel for various burnups
(BU); best estimate and pessimistic values (taken from [13])

BU (GWd tiHM
�1) 40 45 55 60

Gap (%) Average 2 3.2 5.6 6.8
Pessimistic 3.8 7.0 13.4 16.6

Restructured Pu rich
agglomerates (%)

Average 25 30 30 35
Pessimistic 50 50 50 50

IIRF estimates Best estimate 27 33 36 42
Pessimistic
estimate

54 57 63 67

Table 2
IRF estimates (% of total inventory) for various radionuclides
for PWR UO2 fuel, assuming IRF comprises gap, grain
boundaries and all fission products in rim region (grains plus
pores)

BURNUP 37 41 48 60 75
RN IRF IRF IRF IRF IRF

Fission gas 2 (2) 2 (3) 4 (6) 10 (15) 18 (26)
14C* 10 10 10 10 10
36Cl 5 5 10 16 26
79Se 1 (1) 1 (2) 3 (4) 6 (10) 11 (17)
90Sr 1 (1) 1 (2) 3 (4) 6 (10) 11 (17)
99Tc 1 (1) 1 (2) 3 (4) 6 (10) 11 (17)
107Pd 1 (1) 1 (2) 3 (4) 6 (10) 11 (17)
126Sn 1 (1) 1 (2) 3 (4) 6 (10) 11 (17)
129I 3 (3) 3 (3) 4 (6) 10 (15) 18 (26)
135Cs 2 (2) 2 (2) 4 (6) 10 (15) 18 (26)
137Cs 2 (2) 2 (2) 4 (6) 10 (15) 18 (26)

Best estimate values, with post estimate values in brackets
(taken from [13]).
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4.1. Assessment of the IRF contribution

The first part of this paper allows proposing a com-
mon referential for assessing the IRF inventory as a
function of burnup and time [13]. However, some op-
tions are still left open to the end-user depending on
the anticipated evolution and performance of the fuel
matrix. Assessing the global performance of spent fuel
therefore requires one to allocate performance to the
various fuel microstructures.

Consistent with the approaches chosen for the matrix
model, we obviously chose to consider a model integrat-
ing all the current knowledge uncertainties and standing
on the conservative side. In particular, we consider the
potential uncertainties:

• Grain boundaries have been demonstrated to be
closed after irradiation if we refer to the relatively
slight fission gases release although they have been
significantly modified during irradiation: presence
of secondary metallic phases, presence of fission gases
micro-bubbles which have been demonstrated to be
over-pressurized [41], . . . However, demonstrating
their long term stability is not so straightforward.
In particular, significant volume of helium is pro-
duced within the fuel pellet due to a decay and may
progressively migrate towards the grain boundaries
[42,43] and precipitate in micro-bubbles which will
contribute to decrease the mechanical tightness of
grain boundaries. In addition, irradiation defects will
accumulate in fuel pellets and may also migrate
towards grain boundaries which would also act as
defects well. In order to be conservative, we therefore
assume in a first approximation that grain bound-
aries may be permeable to water and slightly open
[44]. They can therefore act as a preferential migra-
tion path.

• The instability of grain boundaries leads to signifi-
cant consequences for restructured zones in high
burnup and MOX fuels. These zones are the rim
zone in the UOX fuels and the large Pu-rich
agglomerate in MOX fuels [13]. Indeed, these zones
present a high porosity (�15%) with large pores (1–
2 lm) but very small grains (�0.1 lm). In addition,
pores are initially over-pressured. We therefore con-
sider the numerous grain boundaries of the restruc-
tured zones as non-confining for assessing the RN
release.

• Accumulation of irradiation defects may contribute
to the occurrence of a self irradiation enhanced diffu-
sion within the pellet [13,45–48]. This may contribute
to the modification of the RN distribution within the
pellet and enhance the release of RN to the grain
boundaries. Upper boundary diffusion coefficient is
estimated to be related to the a residual activity
Av(t) by the following equation [46]:
DASIEDðtÞ ¼ 2 10�41 � AvðtÞ Bq m�3� �
. ð13Þ

Considering these uncertainties, we therefore do not
allocate any barrier performance to the gap, the grain
boundaries and the restructured zone (rim zone in
UOX fuel and large Pu-rich agglomerate in MOX
fuel, and we estimate that the radionuclides that are
present within theses zones as a function of time
may be instantaneously released when confinement
is breached. We also consider the potential diffusion
of radionuclides from the grains (a confining struc-
ture) to the grain boundaries (a non-confining struc-
ture) due to a self-irradiation enhanced diffusion [49].
Tables 2 and 3 illustrate the assessment of the IRF as
a function of time respectively for a UOX and MOX
reference fuel of 55 GWd t�1.

Values for MOX fuel are significantly higher than for
UOX fuel due to the large contribution of Pu-rich
agglomerates which are considered in this first model
as non-confining, which is obviously quite conservative.
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Future models will require the assessment of the Pu-rich
agglomerate properties as a function of the radial posi-
tion in the fuel pellet. Allocating confining properties
to the agglomerates seems indeed more realistic for most
of the internal agglomerates than for the external ones.

4.2. Assessment of the matrix performance

Eq. (12) relates the RN release from the fuel matrix
to the residual a activity and the reactive surface area.
It is therefore of prime importance of assessing the glo-
bal evolution of the spent fuel reactive surface area as a
function of time.

4.2.1. Assessment of the relevant reactive surface

area of spent fuel

Reactive surface area plays a major role in assessing
the fuel performance as evidenced by Eq. (12). However,
assessing the long term reactive fuel surface area is quite
a challenging task. Indeed, the scarce experimental data
on young irradiated fuels indicates that fuel surface area
is quite variable, values ranging from 2 · 10�4 to
0.3 m2 g�1 [50–53] for burnup comprised between 30
and 60 GWd t�1. No clear relation between burnup
and surface area is observed. Values rather depend on
the nature and size of the samples (powder, pellets) as
shown in Fig. 4. In addition, measurements on non-irra-
diated pellet show that a rugosity factor of e � 3 has to
be accounted for. The rugosity factor is defined as the
ratio of the geometric to measured surface for a single
fragment (or pellet if it is not fractured). After irradia-
tion, a single spent fuel pellet is broken into roughly
15 fragments due to the fractures produced by the ther-
mal gradient during the first and second cycles of irradi-
ation. We define the fracturation ratio, s, as the average
number of fragments per pellet. From these results, reac-
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tive surface area of irradiated fuel pellet can be esti-
mated using the following equation:

Sactual ¼ e � s � Sgeometric; ð14Þ

e is assumed not to change significantly with time. On the
other hand, s can significantly increase if the grain
boundaries are not stable and slightly open with time.
However, no model is currently available to describe this
evolution. In addition, it is not clear whether any opening
of the grain boundaries will actually lead to an increase
of the reactive surface area and alteration rate if the
grains boundaries are not large enough to allow a parti-
cles to produce significant amount of radiolytic species.

4.2.2. Matrix performance

Fig. 5 presents the fuel alteration rate expressed in
fraction by year for four different values of the fractur-
ation ratio s ranging from 15 to 60. With this model, fuel
1000 10000
es size (µm)

ments)
nts)
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lifetime is around 105 years depending on the reactive
surface area. This model can not be extrapolated to high
surface area due to the strong assumption concerning
the geometry of the fuel/water interface (see previous
section).
5. Conclusions

Based on the available knowledge in the literature, a
conservative source term has been specifically developed
for the performance assessment and safety analyses. It
aims to give the bounding values for the RN release
from spent fuel while integrating all the current knowl-
edge uncertainties on the fuel evolution and the subse-
quent performance. In this sense, it has to be
distinguished from the more scientific models which
aim to integrate and reproduce more precisely all the
processes involved in the fuel alteration.

The structure of the IRF model has been described in
the first part of this paper [13] and conservative values
have been here selected. Concerning the matrix per-
formance, it has been assessed by developing a conser-
vative model for the a radiolytic dissolution. This
model is based on some conservative assumptions which
were used to overcome the current knowledge and
parameters uncertainties, in particular on the detailed
radiolytic scheme and the coupling with the environ-
ment. This model over-predicts by roughly one order
of magnitude the available experimental results in the lit-
erature. It also evidences the major influence of the reac-
tive surface area which is a direct parameter influencing
the alteration rate. Any evolution of the reactive surface
area prior to the water access within the waste package
will therefore directly modify the subsequent alteration
rate.
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[10] J.Merino, E.Céra, J.Bruno, J.Quinones, I. Casas, F.
Clarens, J. Gimenez, J. de Pablo, M. Rovira, A. Marti-
nez-Esparza. Radiolytic modelling of spent fuel oxidative
dissolution mechanism. Calibration against UO2 dynamic
leaching experiments, J. Nucl. Mater., these proceedings,
doi:10.1016/j.jnucmat.2005.05.019.

[11] Spent fuel disposal performance assessment (SPA projects),
EU report, EUR 1935, 2000.

[12] B. Grambow, A. Loida, A. Martinez-Esparza, P. Diaz-
Arocas, J. de Pablo, J.L. Paul, G. Marx, J.P. Glatz, K.
Lemmens, K. Ollila, H. Christensen, Long term safety of
radioactive waste disposal: source term for performance
assessment of spent fuel as a waste form, Forschung
Zentrum Karsruhe Report, FZKA 6420, 2000.

[13] L. Johnson, C. Ferry, C. Poinssot, P. Lovera, Spent fuel
radionuclide source term model for assessing the spent fuel
performance in geological disposal. Part I: Assessment of
the Instant Release Fraction, J. Nucl. Mater., these
proceedings, doi:10.1016/j.jnucmat.2005.04.071.

[14] C. Poinssot, J.M. Cavedon, M. Cowper, B. Grambow, T.
McMenamin, Euradwaste Conference, Luxembourg,
March 2004. Proceedings available at <http://www.cordis.
lu/fpb-euratom/ev_euradwaste04.htm>.

[15] I. Grenthe, J. Fuger, R.J.M. Konings, R.J. Lemire, A.B.
Muller, C. Nguyen Trung, H. Wanner, Nucl. Energ.
Agency (OECD) (1992) 715.

[16] J.W.T. Spinks, R.J. Woods, An introduction to radiation
chemistry, Third ed., Wiley Ed., New York, 1990.

[17] A. Poulesquen, C. Jegou, Modeling UO2 matrix alteration
under alpha andgamma irradiation,Nucl.Technol., in press.

http://dx.doi.org/10.1016/j.jnucmat.2005.05.019
http://dx.doi.org/10.1016/j.jnucmat.2005.04.071
http://www.cordis.lu/fpb-euratom/ev_euradwaste04.htm
http://www.cordis.lu/fpb-euratom/ev_euradwaste04.htm


76 C. Poinssot et al. / Journal of Nuclear Materials 346 (2005) 66–77
[18] D.W. Shoesmith, J. Nucl. Mater. 282 (2000) 1.
[19] J Cobos, T. Wiss, T. Gouder, V.V. Rondinella, XPS and

SEM studies on the corrosion of UO2 containing pluto-
nium in demineralized and carbonated water, Scientific
basis for nuclear waste management XXVI, Mater. Res.
Soc. Symp. Proc. 757 (2003) 365.

[20] J. de Pablo, I. Casas, J. Gimenez, M. Molera, M. Rovira,
L. Duro, J. Bruno, Geochim. Cosmochim. Acta 63 (1999)
3097.

[21] D.W. Shoesmith, M. Kolar, F. King, Corrosion 59 (2003)
802.

[22] H. Christensen, S. Sunder, D.W. Shoesmith, J. Alloy
Compd. 213 (1994) 93.

[23] H. Christensen, Nucl. Technol. 124 (1998) 165.
[24] C. Jegou, V. Broudic, A. Poulesquen, J.M. Bart, Effect of

alpha and gamma radiolysis of water on alteration of the
spent UO2 nuclear fuel matrix, Scientific basis for nuclear
waste management XXVII, Mater. Res. Soc. Symp. Proc.
807 (2004) 391.

[25] C. Jegou, S. Peuget, V. Broudic, D. Roudil, X. Deschanels,
J.M. Bart, J. Nucl. Mater. 326 (2004) 144.

[26] D.W. Shoesmith, J. Noil, An experimental basis for a
mixed potential model for nuclear fuel corrosion within a
failed waste canister, Scientific basis for nuclear waste
management XXVIII, Mater. Res. Soc. Symp. Proc. 824
(2004) 81.

[27] G. Sattonay, C. Ardois, C. Corbel, J.F. Lucchini, M.F.
Barthe, F. Garrido, D. Gosset, J. Nucl. Mater. 288 (2001)
11.

[28] C. Corbel, G. Sattonay, J.F. Lucchini, C. Ardois, M.F.
Barthe, F. Huet, P. Dehaudt, B. Hickel, C. Jegou, Nucl.
Instr. Meth. B 179 (2001) 225.

[29] W.J. Gray, Spent fuel dissolution rateds as a function of
burnup and water chemistry, PNNL-11895, Pacific North-
west National Laboratory, 1988.

[30] V. Rondinella, H.J. Matzke, J. Cobos, T. Wiss, Leaching
behaviour of UO2 containing alpha-emitting actinides,
Radiochim. Acta 88, 527.

[31] S. Stroess-Gascoyne, J.S. Betteridge, The effect of alpha
radiolysis on UO2 dissolution determined from batch
experiments with 238Pu doped UO2, Scientific basis for
nuclear waste management, Mater. Res. Soc. Symp. Proc.
824 (2004) 175.

[32] C. Jegou, B. Muzeau, V. Broudic, A. Poulesquen, J.M.
Bart, Effect of external gamma irradiation on dissolution of
the UO2 matrix, Scientific basis for nuclear waste manage-
ment XXVIII, Mater. Res. Soc. Symp. Proc. 824 (2004)
145.

[33] D.W. Shoesmith, J. Nucl. Mater. 282 (2000) 1.
[34] T. Eriksen, Radiolysis of water within a ruptured fuel

element, SKB report PR U 96-29, 1996.
[35] C. Poinssot, P. Toulhoat, J.P. Grouiller, J. Pavageau, J.P.

Piron, M. Pelletier, P. Dehaudt, C. Cappelaere, R. Limon,
L. Desgranges, C. Jegou, C. Corbel, S. Maillard, M.H.
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