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a b s t r a c t

The proliferation resistance (PR) of Th/U and Th/Pu fuels used in CANada Deuterium Uranium for the
deep geological repository was assessed by combining the multiattribute utility analysis proposed by
Chirayath et al., 2015 [1] with the transport model of radionuclides in the repository and comparing with
that of the used natural U fuel case. It was found that there was no significant advantage for Th/U and Th/
Pu fuels from the viewpoint of the PR in the repository. It was also found that the PR values for used
nuclear fuels in the repository of Th/U, Th/Pu, and natural U was comparable with those for enrichment
and reprocessing facilities in the pressurized water reactor (PWR) nuclear fuel cycle. On the other hand,
the PR values considering the transport of radionuclides in the repository were found to be slightly
smaller than those without their transport after the used nuclear fuels started dissolving after 1,000
years.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

CANada Deuterium Uranium (CANDU) is a pressurized heavy
water power reactor that has been in operation in many countries
since the 1980s. There are 31 CANDU reactors in operation globally
(Argentina, Canada, China, India, Pakistan, Romania, and South
Korea). One key feature of CANDU is that heavy water functions
both as moderator and coolant. The high moderation efficiency
offers CANDU great flexibilities for using other types of fuel,
including thorium (Th), mixed oxide (MOX) fuel, or even spent fuel
from light water reactors. Especially, the CANDU system with Th
fuel is considered to be one of the promising options for the future
[2]. It has also been pointed out that the Th fuel cycle in CANDU is
seen as being more proliferation resistant than the uranium fuel
cycle [3e6] although the International Fuel Cycle Evaluation
(1977e1980) concluded that the proliferation resistance (PR) of Th
fuel cycle is generally similar to that of the Pu fuel cycle.

PR has become an important notion in characterizing a variety of
nuclear fuel cycle options. Since the 1970s, a number of

methodologies of PR assessment have been developed around the
world [7e14]. Two popular projects are (i) the Generation IV In-
ternational Forum's project of Proliferation Resistance and Physical
Protection (PR&PP) of nuclear energy systems [7] and (ii) the In-
ternational Atomic Energy Agency (IAEA's) Innovative Nuclear Re-
actors and Fuel Cycles (INPRO) project for developing a
methodology for the holistic assessment of nuclear energy systems
[8]. Other methodologies such as Technology Opportunities for
Proliferation Resistance [9] and Japan Atomic Energy
Agency's methods [10] are mainly dependent on expert judgment
and came out with a qualitative assessment. The PR&PP, the mul-
tiattribute utility analysis (MAUA) [11], the fuzzy logic method [12],
and the risk-informed probabilistic analysis [13] provide quantita-
tive values relevant to PR. The MAUA incorporates subjective or
objective inputs to calculate PR values. Recently, the INPRO
collaborative project with Generation IV International Forum pro-
liferation resistance and safeguardability assessment Tools [15] has
been conducted. However, only a few studies have conducted the
assessment of the PR for used nuclear fuel and high-level radio-
active waste disposal [8,9,11,16]. Furthermore, to the best of the
authors’ knowledge, no article has taken into account the transport
of radionuclides in the repository after the closure of the repository.
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Postclosure safety assessments have demonstrated that the
used nuclear fuels generated from the current CANDU nuclear fuel
cycle (i.e., natural uranium fuel/once-through system) will be
safely managed [17,18]. Safe management of used nuclear fuel is
essential for public acceptance of the use of nuclear energy.
However, the assessment of PR for used nuclear fuel disposal in
the CANDU system has not been carried out. It may not have to be
considered that a state would try to divert the nuclear materials
from a closed repository. However, a postclosure monitoring may
have to be implemented as a part of the postclosure safety case to
detect radioactive material and/or other toxic material in the
environment that could be attributable to the disposal facility
[19,20]. The type of planned postclosure monitoring such as
monitoring on the surface, through a ventilation line or an access
tunnel, or near the underground facility varies between countries.
The duration of postclosure monitoring at used nuclear fuel re-
pository is dependent on a lot of factors. In the example of the
postclosure monitoring for low-level radioactive waste repository
in Japan (at least 300 years), it may be more than several hundred
years. If an unexpected/undesirable incident occurs in the re-
pository during the postmonitoring period, the implementer and/
or regulatory authority may have to consider the retrievability or
the reversibility of the disposal process to some extent [21]. These
suggest there may be some access routes to the underground fa-
cility until the postclosure monitoring is officially completed. In
this article, we considered a case where a state accesses to the
used nuclear fuel matrix to divert during the operation and
postclosure of repository.

The MAUA methodology was developed by Charlton et al. [11].
This method successfully allowed us to compare the PR trend for
different nuclear fuel cycles and facilities. Their method used 14
attributes to assess a separate PR value for each process in a nuclear
fuel cycle. Based on this MAUA methodology [11], recently, Chir-
ayath et al. [1] have developed a computer code named PRAETOR
(Proliferation Resistance Analysis and Evaluation Tool for Observed
Risk) to aid in comparing the PR of nuclear installations. The
PRAETOR code uses a metric, which considers both intrinsic and
extrinsic measures at a nuclear installation, and the nonprolifera-
tion metric computed by the PRAETOR code is based on 63 attri-
butes [1]. The details of MAUA and the PRAETOR code are described
later in the article.

The proliferation aspect of used nuclear fuel disposal should be
treated carefully because of its unique features. A significant
amount of U and Pu will exist in the repository for thousands of
years. Over such a long period, the total inventory of U and Pu in the
repository changes, and their radioisotope compositions also
change. In the reference case scenario [17,18,22], after the container
failure, used nuclear fuel starts dissolving. The dissolved radionu-
clides will be transported by diffusion and advection with
groundwater, leaving the precipitates of low solubility elements
such as U and Pu in the repository. The PR in the repository must
thus be expected to change with time.

The purpose of this article is to study whether Th fuel (Th/U and
Th/Pu MOX fuels) in CANDU has an advantage of PR in the used
nuclear fuel repository, compared with the PR of the natural ura-
nium fuel case. In general, ThO2eUO2 MOX fuel has been consid-
ered for the Th fuel cycle. Furthermore, ThO2ePuO2 MOX fuel was
also proposed as one idea to positively use surplus Pu [23].

In this article, the PRAETOR codewith 63 attributes [1] was used
to assess the PR values because Chirayath et al. showed that the
PRAETOR code gave reasonable insights into the PR values of
pressurized water reactor (PWR) spent fuel assemblies in two nu-
clear material diversion scenarios for a nuclear fuel cycle installa-
tion [1]. The transport calculation procedure of radionuclides in the
engineered barrier was adopted to take into account the effects of

dissolution, precipitation, diffusion, and migration of U, Pu, and
other radionuclides in the repository [24]. The repository was
assumed to be located at a depth of 500 m in the granite geological
media [18]. The repository design concept developed by the Nu-
clearWasteManagement Organization of Canadawas adopted [18].

2. MAUA and the PRAETOR code [1]

According to IAEA [25], the PR is defined by the characteristic of
a nuclear energy system that impedes (i) the diversion or unde-
clared production of nuclear material or (ii) the misuse of tech-
nology by states to acquire nuclear weapons or other nuclear
explosive devices. The PR consists of two essential measures; the
intrinsic features of the nuclear materials and the extrinsic barriers
at the nuclear installation. The intrinsic features result from the
technical design of the nuclear energy systems, and the extrinsic
measures are those that result from the implementation of states'
undertakings related to nuclear nonproliferation [1].

A research group of Texas A&M University has developed a
methodology for the PR value assessment of nuclear fuel cycle
technologies based on the MAUA theory [26e29]. They also have
developed a computer code, named PRAETOR, to aid in comparing
the PR values of nuclear installations [1].

2.1. Multiattribute utility analysis [1,11,26e29]

Generally speaking, the MAUA theory is based on compiling
multiple factors into a single metric to facilitate easy decision-
making. Furthermore, MAUA is considered to be able to incorporate
complex and interrelated components in a decision.

In the MAUA theory, we first develop a set of individual attri-
butes, (xi), which can best describe the system under consideration.
The values of the attributes we develop are mapped to a utility
value (ui) between 0 and 1 using appropriate objective functions,
which are usually called utility functions. The higher the utility
value is, the higher the PR of the system is. We also assign an
adequate weight (wi) to each utility value which reflects its relative
significance. The MAUA theory provides a methodology to convert
the multiple utility values and their weights into a single value of
PR. Therefore, we can compare the PR values of different nuclear
fuel cycle systems with each other [27,28].

It is crucial to assume preferential and utility independence of
the chosen attributes, so that the MAUA theory relationships are
valid [1]. The general form of the MAUA function is

Uðx1; x2; /; xnÞ ¼
Xn
i¼1

kiuiðxiÞ þ K
Xn

i¼1; j> i

kikjuiðxiÞuj
�
xj
�

þ K2
Xn

i¼1;j> i;l> j

kikjkluiðxiÞuj
�
xj
�
ulðxlÞ þ…

þ K2k1k2…knu1ðx1Þu2ðx2Þ…unðxnÞ;
(1)

where the function ui represents a utility function for the individual
attributes which are normalized to a scale from 0 to 1; the con-
stants ki are weighting factor (0 < ki � 1) for each attribute indi-
cating the significance of one attribute relative to the others; U is
the overall utility value (single metric); and the constant K is a
scaling parameter which is a solution to the following equation (2)
with the constraint that K > �1 [1]:

1þ K ¼
Yn
i¼1

ð1þ KkiÞ: (2)
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When the sum of all ki is equal to unity, then K ¼ 0, and the
equation (2) can be rewritten as the equation (3) “additive utility
function” given by [1]:

Uðx1; x2;…; xnÞ ¼
Xn
i¼1

kiuiðxiÞ: (3)

On the other hand, when the sum of ki is not equal to unity, then
K s 0, and we can obtain the equation (4) “multiplicative utility
function” given by [1]:

1þ KUðx1; x2;…; xnÞ ¼
Yn
i¼1

ð1þ KkiuiðxiÞÞ: (4)

The additive utility function provides a weighted average of all
the individual attributes. Hence, it is desirable to use the additive
utility functionwhen our goal is to find a system that performs well
against as many measures of PR as possible [1]. However, this also
limits the influence of any one attribute to the value of its weight
[1]. On the other hand, while the result of the multiplicative utility
function is still a PR value between 0 and 1, it now allows for
extreme values to affect the result more heavily [1]. Furthermore,
this serves adequately in comparing two technology options
against one another [1]. Therefore, in this article, we used the
PRAETOR code with the multiplicative utility function form.

2.2. PRAETOR code

In total, 63 attributes are taken into account in the PRAETOR
code. The PR values from the PRAETOR code range between 0 and 1
with high values indicating higher PR [1]. Comparisons using PR
values between various nuclear fuel cycle components, arrange-
ments, and systems can indicate where to allocate nonproliferation
assets and expertise [1]. The assessment results by the PRAETOR
code inform the decision-makers where limited nonproliferation
resources most effectively raise PR hurdles and best hinder po-
tential proliferation efforts [1].

The PRAETOR code requires two input files. The first file contains
numeric values or string text inputs as appropriate for all the 63
attributes. As the template of the first file is prepared by Chirayath
et al. [1], what users need to do is to add the values of mass of U and
Pu per significant quantity and the radiation level in terms of dose,
for example, to the template file. The second input file needs to be
supplied by the user. It contains the weight values required for the
MAUA [1]. Chirayath et al. [1] also listed the expert weights for each
of the 63 attributes. The output file of the PRAETOR code contains
the utility value for each attribute value and the PR values.

According to Chirayath et al. [1], the overall PR value in the
output file should be used only for comparison among the different
nuclear fuel cycle scenarios. That is because the PR value for one
scenario does not have much physical meaning unless it is used to
compare with the PR value for another scenario [1]. Therefore, the
assessment results by the PRAETOR code are most useful to
compare the PR values between two or more scenarios and to
identify the relative strengths against proliferation of nuclear ma-
terials within a single system or between systems under discussion
[1]. More details of the PRAETOR code are described elsewhere [1].

3. Calculation methods

3.1. Fuels

In this article, three different CANDU fuels were considered to
investigate the advantage of PR for Th fuel in the used nuclear fuel
repository; (1) natural U fuel, (2) Th/U MOX fuel (30% Thþ70% U

(1.58% enriched U)) [30], and Th/Pu MOX fuel (96% Thþ4% Pu).
Plutonium used in Th/Pu fuel came from the reprocessing of natural
uranium fuel used in CANDU. The thorium and plutonium mixing
ratio was decided by optimization of CANDU reactor operation [31].

3.2. Burnup calculation

The burnup and decay calculations for three nuclear fuels in
CANDU were carried out by using the TRITON [32] and ORIGEN-
ARP [33] codes in SCALE code, version 6.1 [34].

In the CANDU system considered in this article, fuels were ar-
ranged in the channels located on a square lattice. The whole core
was contained in a horizontal cylindrical calandria tank. Every fuel
channel assembly was composed of a zirconiumeniobium alloy
pressure tube, a zirconium calandria tube, stainless steel end fit-
tings at the end, and spacers to support the pressure tube and
separate it from the calandria tube. The annulus between the
pressure tube and the calandria tube was filled with CO2 to provide
thermal insulation for heat loss reduction. For the burnup calcu-
lations of CANDU fuel, a 37-element fuel bundle was modeled to
represent a whole reactor core. The burnup history also took into
account a fact that CANDU was refueled at full power at the rate of
two channels per day. The average burnup of CANDU fuel was
7,927.5 MWd/t for natural U fuel and 7,927.5 MWd/MTHM for Th/U
and Th/Pu fuels. Th fuel bundles were assumed to be loaded with a
homogeneous MOX mixture of either Th and U or Th and Pu. The
masses of U, Pu, 237Np, and Am in the discharged used nuclear fuels
(g/ton-fuel) are summarized in Table 1.

3.3. The PRAETOR code calculation

The PRAETOR code, the user's manual, the example of input files,
and other necessary files for calculation were provided to us by
Chirayath of Texas A&M University. By including the intrinsic and
extrinsic features in the PRAETOR code, the PR values associated
with different nuclear fuel cycles can be determined [1].

The PRAETOR code has two options; the additive utility function
form and the multiplicative utility function form [1]. Because the
latter serves adequately in comparing two or more nuclear fuel
cycle scenarios against one another [1] as mentioned previously,
we used the PRAETOR code with the multiplicative utility function
form in this article. We used the expert weights which Chirayath
et al. [1] listed for each of the 63 attributes in the calculation.

Table 1
Mass (g/ton-fuel) of U, Pu, 237Np, and Am in the discharged used natural U fuel, Th/U
mixed oxide fuel [30% Thþ70% U (1.58% enriched U)], and Th/Pu mixed oxide fuel
(96% Thþ4% Pu).

Isotope Natural U fuel Th/U mixed oxide fuel Th/Pu mixed oxide fuel

U-232 d 5.99 � 10�1 1.58
U-233 2.17 � 10�5 3.00 � 103 2.95 � 103

U-234 4.47 � 10�2 1.70 � 102 9.54 � 101

U-235 2.05 � 103 4.58 � 103 1.97
U-236 7.68 � 102 9.91 � 102 7.95 � 10�1

U-237 1.94 1.37 1.18 � 10�3

U-238 9.85 � 105 6.85 � 105 1.05 � 10�3

Total U 9.92 � 105 6.94 � 105 3.05 � 103

Pu-238 4.14 2.02 3.04 � 101

Pu-239 2.49 � 103 1.61 � 103 1.71 � 104

Pu-240 1.07 � 103 5.17 � 102 1.24 � 104

Pu-241 2.66 � 103 9.22 � 101 1.70 � 103

Pu-242 7.38 � 101 1.66 � 101 8.81 � 102

Total Pu 3.91 � 103 2.23 � 103 3.22 � 104

Np-237 2.78 � 101 1.90 � 101 2.34 � 10�2

Am-241 1.98 6.94 � 10�1 2.67 � 101

Am-243 3.37 5.15 � 10�1 7.58 � 101
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3.4. Transport calculation in repository

The current conceptual design of a deep geological repository
in the Canadian Shield (crystalline rock; the main mineral
composition is granite) in Canada consists of a repository con-
structed at a depth of approximately 500 m below surface. The
used nuclear fuel bundles discharged from CANDU reactors will be
encapsulated in containers. The containers will be surrounded by
compacted bentonite. Bentonite is a type of clay that swells on
contact with water, resulting in its natural self-sealing property.
The details of the repository design concept are described else-
where [18].

An outline of equations used in this article for the dissolution
of used nuclear fuel, the diffusion of radionuclides in compacted
bentonite, and environmental constraints around fuel matrix
and in the compacted bentonite are described in the Appendix.
The details of the equations are described elsewhere [18,22,24],
and the values of parameters related to the repository design
such as length of compacted bentonite are listed in the reference
[18].

The equations describing the used nuclear fuel dissolution and
dissolution rates for Th/U and Th/Pu fuels were assumed to be the
same as those of natural U fuel [18] for the following reasons. First,
the formula for dissolution of Th/U and Th/Pu CANDU fuels has not
been reported. Second, the fuel dissolution rates of Th/U and Th/Pu
fuels for CANDU may be dependent on the fuel composition and
burnup history, but this dependence has not been reported either.
Finally, the dissolution rate is not significantly sensitive to the
transport calculation results in the repository [18]. The thermody-
namic data compiled in the Japan Atomic Energy Agency database
[35] and the sorption data summarized by Vilks [36] were used for
the calculations.

The groundwater systems in the Canadian Shield are expected
to have a relatively high ionic strength [18,36]. However, a re-
pository site location has not been chosen in Canada yet, and the
sorption data such as sorption distribution coefficients of U and Pu
in saline solutions are not sufficiently compiled in any sorption
databases in the world. Hence, in this article, the groundwater in
the deep geological repository environment was assumed to have a
low ionic strength.

In this article, we assumed that after being discharged from
CANDU, used nuclear fuel bundles were stored in the spent fuel
pool for 6 years and in dry cask storage for 44 years before they
were moved into the deep geological repository and that the re-
pository was closed 100 years after the discharge. After 1,000
years, the fuel matrix is assumed to start dissolving into the
groundwater (this is the same scenario as references [18,22,24]).
We assumed that the inventory in the repository was measured
once a day during the operation period (50e100 years), and
further inventory measurement was not conducted after the re-
pository was closed. The trend of PR values in the repository with
time was calculated for the used Th/U, Th/Pu, and natural U fuels.
In this article, U, Pu, and other radionuclides existing only in the
used nuclear fuels including the precipitate around the bundles
were considered in assessing the PR. Namely, we assumed that U
and Pu present in the buffer materials and natural barrier were no
longer attractive for proliferation and radionuclides present there
did not contribute to the heat and radiation barriers in the
bundles.

For comparison, the trend of PR values without the transport
calculation and the PR values for enrichment and reprocessing fa-
cilities in PWR fuel cycle (4.5% slightly enriched U fuel;
45,000 MWd/t) were also calculated. Burnup calculation results
from the previous work [16] were used.

4. Results and discussion

The trend of PR values in the repository is illustrated in Fig. 1.
The PR values for enrichment and reprocessing facilities in the PWR
fuel cycle are also shown in Fig. 1. The PR values for all fuels used in
CANDU in the repository gradually decreased with time due to the
reduction of heat and radiation generation in the used fuel bundles.
Because the frequency of inventory measurement changed from
daily measurement to no measurement when the repository was
closed, the PR values decreased by 0.09 after 100 years. After 1,000
years, Am-241 which was a contributor to the heat and radiation
generation along with Pu-239 and Pu-240 started dissolving
because of its relatively high solubility (2 � 10�7 mol/L [22]).
Furthermore, the sorption distribution coefficient, Kd (see
Appendix), of Am is much smaller than that of U and Pu [35,36].
Dissolved Am transported through the compacted bentonite due to
a low Kd value andwas removed from the used nuclear fuels matrix.
On the other hand, U and Pu with very low solubility (10�9 mol/L
[22]) did not dissolve so much and therefore remained in and
around the bundles. In the case of Th/U fuel, Po-213 and other
daughters of U-233 were minor contributors, and their solubility
and Kd values are high and low, respectively, compared with U and
Pu. Hence, the PR values further decreased.

The results of the PR value calculation by PRAETOR showed the
following:

(1) the PR value for used Th/Pu fuel was slightly higher than that
for used natural U and Th/U fuels because of the heat and
spontaneous neutron generation fromPu, but the difference in
the PR values among three fuelswas practically negligible, and

(2) the PR values for all used nuclear fuels in the repository were
comparable with those for enrichment and reprocessing fa-
cilities in PWR fuel cycle. When the inventory in the re-
pository was stopped being measured after the repository
closed, the PR values became smaller than the PR for the
enrichment facility. The PR values became very small when
the used nuclear fuel started dissolving and the actinides and
fission products were removed from the used nuclear fuel
matrix.
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Fig. 1. Proliferation resistance of Th/Pu, Th/U, and natural U fuels used in CANDU in
deep geological repository. Dotted lines represent the proliferation resistance without
transport calculation of radionuclides in repository. Black solid lines represent the
proliferation resistance of enrichment and reprocessing facilities in the PWR nuclear
fuel cycle.
CANDU, CANada Deuterium Uranium.
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Th fuel and the Th fuel cycle are considered to have excellent
inherent features for PR [3e6,37]. However, there is no advantage
for Th/U and Th/Pu fuels used in CANDU from the viewpoint of PR in
the deep geological repository compared with natural U fuel.

Charlton et al. [11] showed the PR values in the geological
repository for a once-through fuel cycle of a PWR, but the trans-
port of radionuclides was not taken into account. Their PR values
in the repository were about 0.55 between 100 and 500 years and
0.5 between 500 and 1,000 years. Their PR values from before the
onset of dissolution of radionuclides from the used nuclear fuel
are comparable with the PR values in Fig. 1, but their methodology
and the PRAETOR code do not take into account the transport of
radionuclides in the disposal system, and therefore, the PR values
after the onset of dissolution of used nuclear fuel and after the
start of the transport of radionuclides can perhaps not be
evaluated.

The largest prompt variation of PR value in the repository
appeared at 100 years only due to the change in the utility function
value for the attribute “frequency of measurement”. Although the
MAUA methodology was developed to assess the PR of diverse
nuclear fuel cycles from mine and mill to geological repository
[1,11], the features of deep geological disposal system might not be
fully included. In the former MAUA methodology developed by
Charlton et al. [11], the attribute “physical barriers” was taken into
account. An “inaccessible” implied that the material could not be
physically accessed, for example, material being irradiated in the
reactor. A “canyon” referred to a completely enclosed, underground
structure for which it was very difficult to gain access. However, in
the PRAETOR code, representing the latest MAUA methodology,
this attribute is not considered anymore [1]. In addition, to use the
used nuclear fuels for proliferation after the closure of repository,
they had to be retrieved from the repository, for example. However,
such a process and time required to retrieve the fuels from the deep
geological repository were not taken into account anymore.
Therefore, to study the PR of various nuclear fuels in the deep
geological repository using the MAUA methodology as imple-
mented in the PRAETOR code, not only several new attributes
which are relevant to the deep geological disposal systemmay need
to be added but also some of the current attributes may need to be
modified. The current attributes are adequate for the processes in
which nuclear materials move relatively quickly. However, U, Pu,
and other actinides and fission products in the repository do not
move practically at all on the long term. The attributes which
represent the time-integrated proliferation risk might be needed.
Introduction of new attributes and modification of current attri-
butes which are also realistic from the mining to the disposal will
be investigated in future work. If the PR value for the repository is
still comparable with that for enrichment and reprocessing facil-
ities even after new attributes are introduced and the current at-
tributes are modified, the adequate countermeasures against the
proliferation possibility will be implemented in the repository for
the safety and security of used nuclear fuel disposal.

5. Conclusions

Using the PRAETOR code [1], the PR values of Th fuels (Th/U and
Th/Pu MOX fuels) used in CANDU in the deep geological repository
were evaluated and compared with the PR value of the natural U
fuel case. It was found that therewas no significant difference in the
PR values and the trend of PR values with time in the deep
geological repository among the Th/U, Th/Pu, and the natural U fuel
used in CANDU. This suggests that the advantage of Th fuel cycle in
the CANDU system, compared with the natural U fuel cycle, is
smaller than previously considered [3e6,29] from the viewpoint of
PR in the deep geological disposal.

The PR values became very small when the used nuclear fuel
started dissolving and the fission products were released from the
used nuclear fuel. To evaluate the PR of various nuclear fuels in the
deep geological repository using currently available MAUA meth-
odology, not only several new attributes relevant to the deep
geological disposal system may need to be added but also some of
the current attributes may need to be modified.
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Appendix

Equations for transport of radionuclides in repository.
The dissolution of fuel matrix was considered to be expressed in

terms of a long-term dissolution rate. The concentrations in the
vicinity of the fuel are described by the mass balance equation (A-
1), which includes the effects of congruent release with dissolution,
solubility limits with precipitation/dissolution, diffusion into the
compacted bentonite, and radioactive decay/ingrowth.

VF
vAF

ij

vt
¼ 2prinLε

BDpi

vCB
ij

vr

�����
r¼rin

þMijgsi � VFlijA
F
ij þ VFlIJA

F
IJ

(A-1)

where
Cij: concentration of dissolved nuclides [mol/m3];
VF: volume of the hypothetical water-filled region around used

nuclear fuel matrix [m3];
Mij: inventory of isotope j of element i in the used nuclear fuel

matrix [mol];
gsi: fractional rate of decrease of the used nuclear fuel matrix

volume [y�1];
Dpi: diffusion coefficient in pore water [m2/y];
ε
B: porosity of compacted bentonite [-];
L: length of compacted bentonite [m];
r: distance from the center of the used nuclear fuel matrix [m];
rin: inner radius of the compacted bentonite [m];
t: time after dissolution starts [y]; and
lij: decay constant [y�1].
F and B represent the used nuclear fuel matrix and compacted

bentonite, respectively. ij represents isotope j of target element i. IJ
represents isotope J of element I which is the parent isotope of ij.
Total amount of nuclide in a unit volume of the hypothetical water-
filled region around the used nuclear fuel matrix, Aij

F, is given by
equation (A-2)

AF
ij ¼ CF

ij þ PFij ; (A-2)

where Pij
F is the concentration of precipitate around the used nu-

clear fuel matrix.
The fractional rate of decrease of the used nuclear fuel matrix

volume is given by
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gsi ¼
afuel

rfuelVfuel
k; (A-3)

where
afuel: surface area of the used nuclear fuel matrix [m2];
rfuel: density of the used nuclear fuel [kg/m3];
Vfuel: volume of the used nuclear fuel matrix [m3]; and
k: used nuclear fuel matrix dissolution rate [kg/m2$y].
The time-dependent amounts of nuclides in the used nuclear

fuel matrix are given by

dMij

dt
¼ �Mijgsi � lijMij þ lIJMIJ ; (A-4)

where Mij(0) is the nuclide inventory at the time when the disso-
lution starts.

The migration of nuclides in the compacted bentonite region is
expressed by equation (A-5), which represents nuclide diffusion,
sorption, precipitation/dissolution, and decay/ingrowth. Sorption is
described by instantaneous/reversible/linear reactions (see equa-
tion (A-7)), and precipitation/dissolution is instantaneous/revers-
ible reactions

vAB
ij

vt
¼ ε

BDpi
1
r

v

vr

 
r
vCB

ij

vr

!
� lijA

B
ij þ lIJA

B
IJ ; (A-5)

where Aij
B in equation (A-5) represents the total amount of nuclide

in a unit volume of compacted bentonite (equation (A-6))

AB
ij ¼ ε

BCB
ij þ

�
1� ε

B
�
SBij þ PBij : (A-6)

The concentrations of sorbed nuclide in a unit volume of the
solid part of compacted bentonite, SijB, are given by

SBij ¼ rBKdiC
B
ij ; (A-7)

where rB is the density of bentonite excluding the pore [kg/m3] and
Kdi the sorption distribution coefficient of element i [m3/kg].

Precipitation occurs when

ε
BC*

i þ
�
1� ε

B
�
rBKdiC

*
i <
X
j

AB
ij; (A-8)

where Ci
* is the element solubility [mol/m3]. The concentration of

precipitate in a unit volume of compacted bentonite, PijB, is derived
by equation (A-9)

PBij ¼ AB
ij �

�
ε
BC*

i þ
�
1� ε

B
�
rBKdiC

*
i

� AB
ijP
jA

B
ij

; (A-9)

where the concentration of dissolved nuclides in a unit volume of
pore water in the compacted bentonite, CijB, is given by equation (A-
10), which accounts for the limited elemental solubility (Ci*) which
is partitioned among stable and radioactive isotopes

CB
ij ¼ C*

i

AB
ijP
jA

B
ij

: (A-10)

These equations are solved for the following initial and
boundary conditions.

Aij
B(r, 0) ¼ 0 at rin � r � rout

Aij
B (rout, t) ¼ 0 at t > 0.

where rout is the outer radius of the compacted bentonite [m].
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