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With South Korea increasingly focusing on nuclear energy, the management of spent nuclear fuel has attracted considerable
attention in South Korea. This study established a novel procedure for selecting safety-relevant radionuclides for long-term
safety assessments of a deep geological repository in South Korea. Statistical evaluations were performed to identify the
design basis reference spent nuclear fuels and evaluate the source term for up to one million years. Safety-relevant radio-
nuclides were determined based on the half-life criteria, the projected activities for the design basis reference spent nuclear
fuel, and the annual limit of ingestion set by the Nuclear Safety and Security Commission Notification No. 2019-10 without
considering their chemical and hydrogeological properties. The proposed process was used to select 56 radionuclides, com-
prising 27 fission and activation products and 29 actinide nuclides. This study explains first the determination of the design
basis reference spent nuclear fuels, followed by a comprehensive discussion on the selection criteria and methodology for

safety-relevant radionuclides.
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1. Introduction

Deep geological repository refers to the long-term iso-
lation of radioactive waste in stable deep rock formations.
This concept employs a multi-barrier system composed of
engineering and natural barriers [1]. Initially proposed in
the 1950s in the United States [2], six decades of techno-
logical advancements have made deep geological repository
the most widely accepted ultimate management solution for
HLW (High-Level Waste) and spent nuclear fuel in coun-
tries operating nuclear power plants [3]. Some nations even
classify ILW (Intermediate-Level Waste) as suitable for deep
geological repositories. In recent years, significant progress
has been made, particularly in Europe. Finland is construct-
ing the world’s first deep disposal repository of spent nuclear
fuel [4]. Sweden obtained a construction license in 2022, and
France has selected a site for its deep disposal repository
and aims to submit its construction license by January 2023.
Other countries like Switzerland, China, and Russia are also
making significant strides in this area [5].

As of March 31, 2023, South Korea operates 25 nuclear
reactors, comprising 22 PWRs (Pressurized Water Reactor)
and three PHWRs (Pressurized Heavy Water Reactor), with
a total installed capacity of 24.7 GWe. Furthermore, based
on the 10th Basic Plan for Long-term Electricity Supply
and Demand of South Korea, the country plans to expand
its nuclear capacity to 31.7 GWe by 2036 through the con-
struction of new PWRs such as Shin Hanwol Units 2, 3, 4,
and Shin Kori Units 5 and 6. This expansion is estimated
to generate a total of 72,035 bundles of PWR spent nuclear
fuel. It is predicted that the spent nuclear fuel storage pools
at the Hanbit, Hanul, and Kori sites will reach saturation by
2030, 2031, and 2032, respectively [6].

Under these situations, spent nuclear fuel management
has emerged as a high-priority issue for South Korea’s
long-term energy sustainability, necessitating rigorous ac-
tion and technology development. In response, the govern-
ment of South Korea has led a comprehensive, long-term

program to develop the essential technologies for the deep
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geological repository of spent nuclear fuels. KORAD (Ko-
rea Radioactive Waste Agency) is at the forefront of these
efforts, initiating an extensive research and development
project to enhance technical competencies for managing
high-level radioactive waste in a deep geological reposi-
tory. One of the project’s primary objectives is to evaluate
the long-term safety and performance of such a disposal
system. This involves understanding the complex, coupled
processes of thermal (T), hydraulic (H), mechanical (M),
and chemical (C) mechanisms, which are integral to the re-
pository’s integrity. A fundamental step in this evaluation
is the source term assessment, which requires an in-depth
analysis of the characteristics of the spent nuclear fuels.
The objective of this work is to establish a screening
procedure for selecting safety-relevant radionuclides with-
in the framework of long-term safety assessments for deep
geological repositories to provide the important nuclides
for the initial consideration in the long-term safety assess-
ments. However, it is important to note that the criteria for
the selection of radionuclides in this study are based on the
projected activity and half-lives of the radionuclides to be
disposed of in the repository. The chemical and hydrogelo-
gy properties of the radionuclides have not been considered.
Additionally, this work has conducted statistical analysis on
the characteristics of domestic spent nuclear fuels to select
the design basis reference spent nuclear fuels. Also, we
evaluated the portion of the activity and decay heat from
the selected safety-relevant radionuclides in the design ba-
sis reference spent nuclear fuel for up to one million years.
The rest of this paper is organized as follows: Section
2 provides the design basis reference spent nuclear fuels,
with subsections 2.1 reviewing the statistical analysis and
determination of PWR spent nuclear fuels. Section 2.2
presents the results of the design basis reference spent nu-
clear fuel source term calculation. Section 3 is dedicated to
the selection of safety-relevant radionuclides, with subsec-
tion 3.1 reviewing other country procedures, 3.2 outlining
the procedure and 3.2 discussing the selected radionuclides.

Finally, Section 4 offers the conclusion.
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2. Design Basis Reference Spent Nuclear
Fuel Assemblies

2.1 Statistical Analysis of PWR Spent Nuclear
Fuels

In this section, the determination of the design basis
reference spent nuclear fuels is reviewed. The determina-
tion of the design basis reference spent nuclear fuels was
performed through the statistical analysis using the Korea
PWR spent nuclear fuels database from Korea Hydro &
Nuclear Power (KHNP), which was provided through the
Korea Radioactive Waste Agency (KORAD). This database
contains 20,970 spent nuclear fuels discharged after 1979
up to 2021. The database includes detailed information
about the discharged spent nuclear fuels and the associated
reactor data. For each assembly, the database contains the
initial uranium mass, the **°U enrichment, the discharge
burnup, the last cycle discharge date, the specific power, the
assembly type, and the effective full power day [7].

The spent nuclear fuels in South Korea are categorized
into four main lattice types: WH 14x14, WH 16x16, WH
17x17, and CE 16x16. These lattice types further branch
into various subtypes based on slight variations in uranium
loadings despite having identical lattice specifications. In
terms of portion, WH 17x17 and CE 16x16 lattice types
dominate, comprising 42.6% and 43.5% of the total spent
nuclear fuel assemblies, respectively. The WH 14x14 and
WH 16x16 types comprise smaller portions, at 6.6% and
7.3%.

Fig. 1 shows the number of spent nuclear fuel assem-
blies in South Korea for initial enrichments and discharge
burnups (as of December 2021). Most spent nuclear fu-
els exhibit discharge burnups ranging between 25 and 55
MWd-kg™. It is noted that 70% of all assemblies have bur-
nups lower than 45 MWd-kg™'. Consequently, we catego-
rize spent nuclear fuel assemblies into two groups using a
45 MWd kg ™! cut-off burnup point. The first group consists
of assemblies with a burnup value less than 45 MWd- kg,
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Fig. 1. Distribution of initial enrichment and discharge burnups of spent
nuclear fuels.
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Fig. 2. Statistical values of uranium loading for low and high burnup
groups of spent nuclear fuel assemblies.

whereas the second group includes those with a burnup
value exceeding 45 MWd-kg™'. The representative burnup
values for the low and high burnup groups are set to 45
MWd-kg " and 55 MWd-kg !, respectively.

Recent trends indicate increases both in initial ura-
nium enrichments and burnups, especially for long-cycle

operations. By December 2021, the inventory included
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Table 1. Specification of the design basis reference spent nuclear fuels

Low burnup group High burnup group

Name REF-PLUS7-LB REF-ACE7-LB REF-PLUS7-HB REF-ACE7-HB
Lattice type 16x16 17x17 16x16 17x17
Burnup (MWd-kg ') 45 45 55 55
Initial uranium enrichment (%) 4.5 4.5 4.65 4.65
Initial uranium loading (kg) 436 468 436 468
Specific power (MW-MTU ™) 40 40 40 40
Depletion interval (EFPDs) 1,125 1,125 1,375 1,375
approximately 2,347 spent nuclear fuel assemblies with 1x10'® ——REF-PLUSTLU
uranium enrichments exceeding 4.6%. To maintain a con- 1%1071 fgg:&'égiﬂu
servative approach, the design basis reference spent nuclear § T REFACEZHU
fuel assemblies are designated with initial uranium enrich- % 1X10%3
ments of 4.5% for the low burnup group and 4.65% for the E‘; 110" 4
high burnup group. Fig. 2 shows the statistics of the initial % 10
uranium loadings for low and high burnup groups of the g
CE 16x16 (designated as PLUS 7 in Fig. 2) and WH 17x17 g 1x10"
(designated as ACE 7 in Fig. 2) assemblies. The statistics < 1102
of the initial uranium loadings indicate maximum uranium
loadings of 435,984 grams and 435,581 grams for the low 1><1o”0l1 1 0 100 1’060 10’600 100"000 1,000,000

and high burnup groups of the CE 16x16 assemblies, respec-
tively. While the corresponding values for the WH 17x17
assemblies are 468,259 grams and 467,770 grams. Conse-
quently, the initial uranium loadings for CE 16x16 and WH
17x17 types are set to be 436 kg and 468 kg, irrespective of
their burnup groups. Table 1 summarizes the specification of

the design basis reference spent nuclear fuels.

2.2 Source Term of Design Basis Reference
Spent Nuclear Fuels

In this work, we used SCALE 6.2.4 to calculate the
source terms for the design basis reference spent nuclear
fuels. We utilized its SCALE 6.2.4/TRITON module to
produce burnup-dependent neutron cross section librar-
ies for standalone ORIGEN calculations. SCALE 6.2.4/
ORIGEN is a stand-alone depletion code, which calculates
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Fig. 3. Specific activity as a function of cooling time for each group.

time-dependent concentrations, activities, and radiation
source terms for a large number of isotopes simultane-
ously generated or depleted by neutron transmutation, fis-
sion, and radioactive decay. TRITON solves multi-group
transport equations coupled with depletion calculations and
allows users to save assembly-average neutron cross sec-
tions for future ORIGEN use [8]. We ran multiple TRITON
simulations to cover parameter variations like uranium en-
richment and moderator density. These provided a compre-
hensive set of ORIGEN cross section libraries.
Calculations for burnup and cooling were performed
for the design basis reference spent nuclear fuels, ranging
from the time of discharge from the reactor up to 1,000,000

years. Evaluation results include calculations for activity,
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Fig. 4. Specific decay heat as a function of cooling time for each group.

decay heat, nuclide inventory, and neutron/gamma spectra.
All evaluation results were normalized per metric ton of
uranium (MTU). These results can be converted to per as-
sembly results by multiplying with the initial uranium load-
ing for the given fuel assembly. For example, Figs. 3 and
4 show the total specific activity and specific decay heat of
each design basis reference spent nuclear fuels, respective-
ly. Especially, the decay heat is one of the most important
parameters in analyzing the long-term safety assessment for

deep geological repository.

3. Selection of Safety-relevant Radionu-
clides

In the long-term safety assessment of deep geological
repository, it is anticipated that radionuclides may be re-
leased through engineered barriers due to functional defects
in spent nuclear fuel or disposal canisters. Spent nuclear
fuel contains many radionuclides, requiring dose assess-
ment upon their potential release into the ecosystem. The
total number of spent nuclear fuel assemblies for the geo-
logical disposal repository was estimated 72,036 as stated

in the 10th Basic Plan for Long-term Electricity Supply
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and Demand of South Korea. REF-ACE7-HB has an initial
uranium mass of 468 kg, therefore the total initial uranium
mass of 72,036 spent nuclear fuel assemblies is 33,712
MTU. In Section 2, we first calculated the total activity
(Bq) and the nuclide-wise activity (Bq) per one metric ton
uranium (1 MTU) for the selected design basis reference
spent nuclear fuel over the cooling period. So, we calcu-
lated the activity of each radionuclide present in one assem-
bly of spent nuclear fuel by multiplying it by 0.468 MTU
(i.e., 468 kg) with the activity per 1 MTU for the design
basis reference spent nuclear fuel. Then, we estimated the
total nuclide-wise radioactivity for the 72,036 spent nuclear
fuel assemblies (equivalent to 33,712 MTU). Then, these
nuclide-wise activity are used both in Steps 2 and 3 of Sec-
tion 3.2. The REF-ACE7-HB was used due to its high ini-
tial uranium loading and burnup, which generally results in
higher inventories of the radionuclides.

Additionally, prior to conducting an actual ecosystem
assessment, highly conservative assumptions were made to
select safety-relevant isotopes. The physical half-life of the
radionuclide and the ALI (Annual Limit of Ingestion) set
by the NSSC (Nuclear Safety and Security Commission)
Notification No. 2019-10 were used as criteria for selec-
tion. This study’s selection procedure does not consider the
isotope delay effects of the engineered and natural barriers
of the disposal system; therefore, chemical properties such
as solubility limits in groundwater, backfill materials, and
distribution coefficients for buffering materials were not
included. So, some of these nuclides can be removed in a
specific analysis area depending on their properties.

Given the constraints of basing evaluations on the de-
sign basis reference spent nuclear fuel source terms, it is
impractical to consider every radionuclide or their respec-
tive radionuclides that may contribute a significant radia-
tion dose, as well as all potential transport pathways from
the repository to the ecosystem. In this way, isotopes that
do not contribute substantially to overall risk were exclud-
ed, and conservative assumptions about isotope transport

pathways were made.
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3.1 Review of Safety-relevant Radionuclides
Selection Procedure

In this subsection, the selections of the safety-relevant
nuclides from other institutes are briefly reviewed. First,
POSIVA used the four steps for this purpose [9]. In the
first step, 1,284 nuclides having low specific activity of
less than 107°° GBg/MTU were excluded, and 201 nuclides
were selected. In the second step, the RQs (Risk Quotient)
for nuclides were used to exclude some nuclides. The RQ
is defined as a normalized product of the maximum activ-
ity of a nuclide overall time and the dose conversion factor
for the ingestion of the same nuclide. In the second step,
the nuclides having small RQ values less than 1.0 were ex-
cluded. Also, the short-lived nuclides having shorter half-
lives than 1 year were excluded in the step 3, which gave 84
nuclides. In the fourth step, 41 nuclides were selected with
some additional considerations such as solubility limits, in-
gestion dose index, and short-lived daughter nuclides in the
decay chains, and IRF nuclides.

SKB classified the nuclides into the fission product
nuclides, activation nuclides, and the nuclides in the decay
chains for screening purpose [10]. For the fission product
and activation nuclides, SKB used two steps for screening.
In the first step, the nuclides that have shorter half-lives
than 10 years and lower radiotoxicity index (RTT) less than
0.01 were excluded. The radiotoxicity index was defined as
the hypothetical dose at a time resulting from ingestion of
the activity 4, [Bq], divided by 107* Sv, which is given by

2A(10D;

RTO= = 0y

(M
where D; [Sv-Bq '] is the dose coefficient for ingestion.
Then, in the second step, 23 nuclides selected in the

first step are divided into 10 less-important nuclides and

13 important nuclides, depending on radiotoxicity, half-life,

and annual dose. For the decay chain nuclides, SKB used

three steps for screening. In the first step, the shorter-lived

nuclides than 1 year were excluded and the nuclides having
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almost zero inventories were excluded in the second step.
In the third step, the nuclides of which the annual dose sig-
nificantly decreases before 1,000 years after disclosure of
the geological repository were excluded, which led to 22
nuclides. So, SKB finally selected 45 nuclides (i.e., 23 fis-
sion product and activation nuclides, and 22 decay chain
nuclides).

Nagra also used the same classification of the nuclides
(i.e., classification into fission product and activation nu-
clides, and decay chain nuclides) [11]. They excluded the
nuclides having the annual water consumption of a rep-
resentative person less than 107> mSv-a™' but considered
some indicator nuclides (i.e., *H, *°Sr, and '*’Cs) for phe-
nomena that occur at relatively early times after the end
of emplacement (e.g., pinhole release for defective SF/
HLW canisters). The screening criterion based on the an-
nual water consumption is similar to the equation (i.c., Eq.
(3)) we used in this work. Also, they excluded six daughter
nuclides (i.e., °°Y, ?!Sn, 2Sb, 2!°Bi, 2!“Pb, and ?'“Bi) hav-
ing short half-lives by adding their dose coefficients to the
longer-lived parent radionuclide. Through these screenings,
they selected 22 fission products and activation nuclides.
For the decay chain nuclides, 29 nuclides were selected by
excluding 43 daughter nuclides having short half-lives by
adding their dose coefficients to the longer-lived parent ra-
dionuclide. Finally, they considered 22 fission products and

activation nuclides, and 29 decay chain nuclides.

3.2 The Procedure of the Safety-relevant
Radionuclides Selection

The selection procedure used in this work is given in
Fig. 5.

The procedure can be explained by the following four
steps:

Step 1: Out of numerous radionuclides, 1,417 were ini-
tially selected, excluding stable isotopes.

Step 2: 254 radionuclides with a specific activity ex-
ceeding 107%° Bg/MTU were selected.

JNFCWT Vol.21 No.4 pp.451-463, December 2023
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Fig. 5. The schematic of the safety-relevant radionuclides selection.

Fig. 6 shows the atomic numbers for 1,417 radionu-
clides selected in Step 1, screening them into two categories:
1) 1,163 radionuclides with specific activity below 1073° Bg/
MTU and 2) 254 radionuclides exceeding this level.

Step 3: A total of 48 radionuclides with a half-life of
more than 1 year and satisfying the Selection Criterion In-
dex (C,) were selected. The Selection Criterion Index (C))

was defined as:

A

= >SM 2)
ALIL x 1/20

where, A4, is the annual ingestion of radionuclide

i[Bqyr'], ALI is the Annual Limit of Ingestion of
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Fig. 6. Radionuclides screened in Step 2.

radionuclide i [Bq-yr™'], and SM is the safety margin, 107>
At this stage, the defined selection criteria do not con-
sider the configuration, features, detailed site-specific
groundwater flow, and geochemical models, nor detailed
dose assessments in ecosystems. Radionuclides were se-
lected based on the annual ingestion (4,), assuming that the
public would drink the water released from spent nuclear
fuel according to the design criteria and that all the radio-
nuclides were dissolved into the water. The Annual Limit
of Ingestion (ALI,) for radionuclide, as specified by the
NSSC (Nuclear Safety and Security Commission) Notifica-
tion No. 2019-10, is based on the dose limit for workers
(20 mSv-yr™). In this work, the standard value was reduced
by multiplying the AL/, by 1/20 to match the public dose
limit (1 mSv-yr ™). Then, the radionuclides were selected by
considering the safety margin (SM) of 107 to the reduced
ALI,. Actually, the safety margin of 107 corresponds to the
annual dose limit of 1 pSv-yr'. However, it is needed to
estimate the annual ingestion (4,) of a radionuclide for ap-
plying the criteria given in Eq. (2). In this work, the annual

ingestion was estimated using the following assumptions:
* After the designed lifetime of the disposal canister, all

isotopes are assumed to dissolve the Quaternary aqui-

fers.
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* No consideration was given to the solubility limits of
isotopes.

* The aquifer is assumed to be consumed as drinking
water.

* No account was taken of the effects of adsorption, re-
tardation, and accumulation due to the engineered and

natural barriers of deep geological repositories.

Given these considerations, the annual ingestion (4;) of
radionuclides i was calculated using the following equation:
B I\]’imax_I

7.Q 3)

4;

where, N/ represents the maximum activity of a ra-
dionuclide i over the design lifetime of the disposal canister
[Bq]. Z,, denotes the annual water consumption of a rep-
resentative person [m*-yr']. 7, is the effect time of general
release through the near-field [yr]. Q is the flow rate of the
aquifer [m*-yr™']. In other word, the maximum activity of
the considered nuclide is dilluted into the Quaternary aqui-
fers of which the amount is determined by multiplying the
flow rate with the generic duration of near-field release, and
then the water flows to the surface where human drinks the
water [11].

In this work, the total activity of a radionuclide was de-
termined by multiplying the total amount of waste in the
deep disposal repository by the activity per metric ton of
uranium (Bgq/MTU) for the domestic design basis reference
spent nuclear fuels. Also, it was assumed that four bundles
of design basis reference spent nuclear fuel (1.872 MTU)
would be disposed of in each disposal canister. According
to the 10th Basic Plan for Long-term Electricity Supply and
Demand of South Korea, there will be 18,009 disposal can-
isters (equivalent to 72,036 bundles of spent nuclear fuel).
The effective time of general release through the near-field
is assumed to be 10,000 years. The maximum activity of
each radionuclide between 40 years and 10,000 years af-
ter its discharge from the reactor for the design basis ref-

erence spent nuclear fuels has been used for calculations.
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The annual water consumption of a representative person is
assumed to be 0.73 m?-yr ! [12]. The flow rate of the aqui-
fer is assumed to be 10° m?'yr~! based on the international
literature, specifically from Swiss Nagra and Japanese JNC
studies [11, 13], since a domestic disposal site has not yet
been determined. An increase in the flow rate of the aqui-
fer and the design lifetime of the disposal canister implies
a decrease in the concentration of dissolved radionuclides,
which leads to a decrease in the nuclides to be considered.
In the second stage of the selection process, 254 radionu-
clides were considered. 141 have a half-life greater than
one year. 70 radionuclides meet the Selection Criterion In-
dex (C)), and 48 radionuclides meet both criteria.

Step 4: The radionuclides selected in Step 3 were clas-
sified into fission and activation products and decay chain
nuclides. 20 fission and activation products were selected
in Step 3. Although some were excluded in Step 3 because
they did not meet the selection criteria, seven additional nu-
clides (i.e., '%mAg, *Cl, **Mo, **Nb, *Ni, ®Ni, and '“Pd)
were included because they are considered as the IRF (In-
stant Release Fraction) nuclides. As a result, 27 fission prod-
ucts and activation nuclides were selected. Table 2 lists the
IRF radionuclides selected from the studies of POSVIA and
SKB, all of which were included in the nuclide selection
process of this work [9, 10]. Radionuclides release rapidly
with contacting water or slowly with the dissolution of the
UO, matrix. The former is known as the ‘Instant Release’,
and the latter is ‘Congruential Release’. Even though the
IRF are much smaller than the congruential ones, IRF has
to be treated carefully due to the fact that the instant releas-
es lead to a much larger value of the exposure dose rates
than the congruential ones which proceed very slowly.

On the other hand, the actinide nuclides exist in four
groups (i.e., 4N, 4N+1, 4N+2, and 4N+3) of alpha decay,
with no interconnections between the different groups. Typ-
ically, daughter nuclides with much shorter half-lives than
their parent nuclides are assumed to reach equilibrium, sim-
plifying the decay chain. Furthermore, parent nuclides with

shorter physical half-lives are incorporated into the initial

JNFCWT Vol.21 No.4 pp.451-463, December 2023
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Table 2. List of IRF radionuclides selected by POSIVA and SKB

POSIVA SKB
IOKmZAg IOSmAg
140 140

1 l3mCd
“Cl |
135Cs 135Cs
1 37CS 1 37CS
*H
1291 IZ‘)I
Mo Mo
93mNb
*Nb
59Ni
63Ni
1 U7Pd 1 U7Pd
79Se 79Se
IZlmSn
126Sn 126Sl,l
QOSr QUSr
99TC 99TC
93 7r
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Fig. 7. Specific activity (Bq/MTU) as a function of decay time for
radionuclides in the 4N decay chain.
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Fig. 9. Specific activity (Bq/MTU) as a function of decay time for the
selected radionuclides in fission and activation products.

activity of their daughter nuclides to simplify the decay
chain. However, their impact on activity is still included
in subsequent dose assessments [10]. These considerations
and using the selection criteria concerning half-life and C;
led to the selection of 28 actinide nuclides.

However, 22Th, which is a part of the 4N decay chain,
was additionally included because its inventory steadily
increases and reaches equilibrium with its daughter nu-

clides, as shown in Fig. 7. Fig. 7 shows the changes of the
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Table 3. List of the safety-relevant radionuclides from fission and acti-
vation products

Radionuclides Half-life (year)  Satisfy the C, IRF
*H 1.23x10! Satisfy IRF
4C 5.70x10° Satisfy IRF
Cl 3.01x10° - IRF
PNi 7.60x10* - IRF
3Ni 1.01x10? - IRF

”Se 2.95%10° Satisfy IRF
%St 2.88x10! Satisfy IRF
57r 1.53x10¢ Satisfy IRF
%mNb 1.61x10! Satisfy IRF
*Nb 2.03x10* - IRF
Mo 4.00x10° - IRF
*Te 2.11x10° Satisfy IRF
17pd 6.50x10° - IRF
108mA o 4.38x10? - IRF
13mCd 1.41x10' Satisfy IRF
12ImGp 4.39x10! Satisfy IRF
126Sn 2.30%10° Satisfy IRF
1358h 2.76x10° Satisfy -
1] 1.57x107 Satisfy IRF
134Cs 2.07x10° Satisfy -
35Cs 2.30x10¢ Satisfy IRF
B1Cs 3.01x10! Satisfy IRF
4TPm 2.62x10° Satisfy -
51Sm 9.00x10" Satisfy -
2By 1.35x10! Satisfy -
¥Eu 8.60x10° Satisfy -
I5SEy 4.75x10° Satisfy -

Table 4. List of the safety-relevant radionuclides from the decay chains

Decay chain Radionuclides Half-life (year)
4N #Cm 1.8110x10"
#opy 6.5610x10°
By 2.3420%x107
2Th 1.4050%10"
=y 6.8900x 10!
8Th 1.9120x10°
4N+1 Cf 3.5100x10?
*Cm 8.5000x10°
1Py 1.4290x10!
HAm 4.3260x10?
BNp 2.1440x10°
™y 1.5920x10°
Th 7.3400x10°
AN+2 =Cf 1.3080x10"
#Cm 4.7678x10°
HmAm 1.4100x10?
py 3.7350x10°
2y 4.4680x10°
28py 8.7700x10"
™y 2.4550%10°
0Th 7.5380%10*
2Ra 1.6000x10°
21%pp 2.2200x10"
4AN+3 3 Am 7.3700%10°
#Cm 2.9100x10"
Py 2.4110%10¢
ey} 7.0380x108
51Pa 3.2760x10*
2TAc 2.1772x10!

activities of the nuclides in the 4N decay chain. As a re-
sult, 29 actinide nuclides were selected through the third
stage. This selection process ultimately yielded a total of 56
selected radionuclides. Fig. 8 shows the radionuclides se-
lected based on the criteria of the Step 3, categorizing them
by their half-lives and the Selection Criterion Index (C)).
The data for the half-lives was used from the ENDF/B-VII.1

nuclear data library used in ORIGEN [14].
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Table 3 represents the list of safety-relevant radionu-
clides from fission and activation products that were finally
selected in Step 4 based on the Selection Criterion Index
(C), a half-life greater than one year, and their classifica-
tion as the IRF nuclides. Fig. 9 shows the changes in the
selected activities of the fission product and activation
products.

Table 4 shows the selected safety-relevant radionuclides

JNFCWT Vol.21 No.4 pp.451-463, December 2023
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Fig. 10. Contribution of safety-relevant radionuclides to total activity.

in the 4N, 4N+1, 4N+2, and 4N+3 decay chains that were
finally selected in Step 4 based on the Selection Criterion

Index (C)), a half-life of greater than one year.

3.3 Analysis for Safety-relevant Radionu-
clides

Figs. 10 and 11 show the contribution of the finally
selected safety-relevant radionuclides to total activity and
total decay heat, respectively. The contribution of safety-
relevant radionuclides to the total activity and decay heat of
spent nuclear fuel is approximately 60% up to 300 years af-
ter discharge from the reactor. The remaining contribution
of ~40% is largely attributed to the short half-life radionu-
clides such as *"™Ba (2.55 min), *°Y (64.2 h), 2*Np (2.36
d), *1Sn (27 h), and >*™Sb (11 s). Once these radionuclides
have fully decayed, the contribution of the safety-relevant
radionuclides to total activity rises to over 90%. The contri-
bution of safety-relevant radionuclides to the total activity
decreases after 100,000 years. This decline can be attributed
to the influence of daughter radionuclides with shorter half-
lives reaching equilibrium with their parent radionuclides
in each decay chain. In the 4N decay chain, the daughter
radionuclides such as ?!Ac, ?**Ra, *°Rn, ?'°Po, 2'?Pb, 2'?Po,

and 2%®TI are in equilibrium with *Th. In the 4N+1 decay
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Fig. 11. Contribution of safety-relevant radionuclides to total decay heat.

chain, the daughter radionuclides such as **Ra, *Ac, ?*'Fr,
2I7At, 25Bi, 21Po, and *TI also are in equilibrium with
2Th. In the 4N+2 decay chain, the daughter radionuclides
such as ?*’Rn, 2'®Po, 2“Pb, 2'“Bi, 2'*Po, 2'°Bi, and 2!°Po are
in equilibrium with ***Ra. Lastly, in the 4N+3 decay chain,
the daughter radionuclides such as **’Th, 2**Fr, >’Ra, *'°Rn,
215po, 2'pb, 211Bi, 2!''Po, and 2*’Tl reach an equilibrium state
with 2*’Ac. Therefore, when performing dose assessments,
the contributions of these daughter radionuclides are con-

sidered in the initial inventory of the parent radionuclides.

4, Conclusion

In this work, a procedure for selecting the safety-rele-
vant radionuclides was established based on the criteria in
terms of the half-lives, the ALI set by the NSSC (Nuclear
Safety and Security Commission) Notification No. 2019-10,
and some additional considerations such as the inclusion of
IRF nuclides. Before the establishment of the procedure, the
design basis reference spent nuclear fuels were determined
through a statistical analysis based on the spent nuclear fuel
database in South Korea. In particular, the design basis ref-
erence spent nuclear fuel assemblies were determined for
each of the WH 17x17 and CE 16x16 assembly types and
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low and high burnup groups. For the CE 16x16 type, the
PLUS 7 spent nuclear fuel assembly having 436 kg initial
uranium loading was determined as the design basis ref-
erence spent nuclear fuel, while the ACE 7 spent nuclear
fuel assembly having 468 kg initial uranium loading was
selected for the WH 17x17 type. The representative bur-
nups for low and high burnup groups were determined to be
45 and 55 MWd-kg™!, respectively, and the initial uranium
enrichments for these burnup groups were determined to
be 4.5 and 4.65wt%, respectively, irrespective of the as-
sembly types. The nuclide-wise activities for the design
basis reference spent nuclear fuels over 1,000,000 years
after discharge were determined using the ORIGEN code
in SCALE 6.2.4 for use in the selection procedure of the
safety-relevant nuclides.

In the criteria related to ALI, a conservative safety
margin of 107 corresponding to the annual dose limit of 1
uSv-yr!' was used coupled with some simple and conser-
vative assumptions in determining the nuclide-wise annual
ingestion. These assumptions include 1) no consideration
of solubility limits, 2) no consideration of the effects of
adsorption, retardation, and accumulation due to the engi-
neered and natural barriers of deep geological repositories,
3) full dissolution of the radionuclides in the drinking water
near the ground surface aquifers, and 4) use of maximum
nuclide-wise activity over the design lifetime of the canis-
ter. The maximum nuclide-wise activity was computed for
the design basis reference spent nuclear fuels of high bur-
nup based on the 10th Basic Plan for Long-term Electricity
Supply and Demand of South Korea.

As the results of the analysis, we selected a total of 27
fission product and activation product nuclides (1%*™Ag, *Cl,
%Mo, *Nb, *°Ni, %Ni, and '“’Pd were included due to their
instant release characteristics even if they did not satisfy the
selection criteria) and 29 decay chain nuclides, giving to-
tally 56 radionuclides as the safety-relevant nuclides. Also,
from the analysis of the contributions of these nuclides, it
was found that their contribution to total activity and decay

heat range from 50-70% over the initial stage of about 100
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years after discharge while their contribution is very high
(78-98%) over 300-100,000 years after discharge. Finally,
it should be noted that the selected safety-relevant nuclides
in this work can be used at the initial stage of the safety as-
sessments of the deep geological disposal system, but some
of them can be excluded in the later, more sophisticated

stage depending on the safety assessment area.
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