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A Study on Thermal Load Management in a Deep Geological Repository
for Efficient Disposal of High Level Radioactive Waste
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Technology for high-level-waste disposal employing a multibarrier concept using engineered and natural barrier in stable
bedrock at 300—1,000 m depth is being commercialized as a safe, long-term isolation method for high-level waste, includ-
ing spent nuclear fuel. Managing heat generated from waste is important for improving disposal efficiency; thus, research
on efficient heat management is required. In this study, thermal management methods to maximize disposal efficiency in
terms of the disposal area required were developed. They efficiently use the land in an environment, such as Korea, where
the land area is small and the amount of waste is large. The thermal effects of engineered barriers and natural barriers in a
high-level waste disposal repository were analyzed. The research status of thermal management for the main bedrocks of
the repository, such as crystalline, clay, salt, and other rocks, were reviewed. Based on a characteristics analysis of various
heat management approaches, the spent nuclear fuel cooling time, buffer bentonite thermal conductivity, and disposal con-
tainer size were chosen as efficient heat management methods applicable in Korea. For each method, thermal analyses of
the disposal repository were performed. Based on the results, the disposal efficiency was evaluated preliminarily. Necessary
future research is suggested.
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1. Introduction

High-level radioactive waste including spent nuclear
fuel generated by utilizing nuclear energy should be man-
aged in such a way that it is safely isolated from the gen-
eral public and the natural environment for a long period
of time to prevent harm by high heat and radiation in the
present or future. Currently, the most widely accepted dis-
posal method for long-term isolation is to disposal in a
deep geological repository designed and constructed with
multiple barriers composed of engineered and natural bar-
riers so that the waste can be completely isolated in a stable
deep geological environment. An important consideration,
both in the near field of the engineered barrier and in the
far field of the natural barrier, is the heat generated from the
waste due to the large amount of fission products present in
the high-level waste loaded in the disposal container. Many
technical uncertainties in the design of high-level waste
disposal systems are related to the temperature regime due
to the release of this thermal energy and the effect of this
temperature region on the disposal system. The heat gener-
ated and released from the radioactive waste will eventually
be transferred to the surrounding rock through all contain-
ers and buffers around the waste. Additionally, the rate and
duration of heat release can affect the physical and chemi-
cal properties of barriers in a repository system [1].

Thermal changes in a disposal container or buffer mate-
rial may affect its integrity or effectiveness. For example,
as the disposal container surface temperature increases, the
susceptibility to corrosion increases, and the container may
come into contact with groundwater earlier than if the waste
was not generating heat [1]. The stability of underground
openings in thermally heated strata is also an important
consideration, and when the bedrock is thermally affected,
groundwater movement patterns and the environment of
transport routes for radionuclides may be altered [1].

As for the thermal effect in the near field of the reposi-
tory, if heat emitted from radioactive waste disposed of in

a deep geological formation diffuses through the near field
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to the host rock, which is the far field, cracks may occur
because of the large-scale thermal expansion and this will
create thermal stress because of the displacement. In addi-
tion, new groundwater flow paths may be created according
to the deformation of the bedrock in the far field, and the
borehole and the excavated opening may deteriorate. On the
contrary, if this effect manifests in a rock salt or clay rock
repository, it may also have a desirable effect as it can close
the opening and seal the flow of fluid in the repository [2].

As a thermal effect in the near field of the repository, the
disposal container for containment of disposed radioactive
waste, which is an important component of the engineered
barrier, could be corroded by evaporation of the surface wa-
ter on the disposal container due to the heat emitted from
the waste in the early stage after the repository is closed.
This is because the evaporation could result in the deposi-
tion of potentially corrosion-accelerating salts on the dis-
posal container surface [3]. It is known that the corrosion
rate of copper, a disposal container material, approximately
doubles for each 10°C rise in temperature [4].

In addition, in the case of bentonite buffer, which is an
engineered barrier component, the temperature increases
due to heat diffused from the waste, and the transforma-
tion process in which smectite in the buffer material be-
comes illite, a non-swellable clay, commonly takes place
in petrification and hydrothermal chemical reactions.
Because the illitization of bentonite affects the swelling
properties, hydraulic conductivity, and plasticity, it also
affects the safety and performance requirements of the
buffer material.

In developing the concept of a repository for high-level
radioactive waste that generates heat, thermal management
is considered as one of the important factors because it
limits key factors such as repository layout, waste disposal
container specifications, and design and operation of other
engineered barrier components. Thermal limitations for
thermal management due to thermal effects in a repository
may limit the temperature or limit the thermal behavior of

components of the disposal system, and such limitations
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may be imposed on the host rock (or other natural features)
or engineered barrier systems. Therefore, in order for the
decay heat generated by the disposed high-level waste to be
controllable, the heat load of the repository must be system-
atically analyzed and managed, and continuous research is
being conducted for this purpose.

In this paper, a conceptual analysis was performed on the
effect of heat in a geological repository system for high-level
radioactive waste and on the thermal management method.
This conceptual analysis analyzes the thermal stability of the
repository at the initial stage of concept development, fol-
lowed by thermal-hydraulic-mechanical complex behavior
analysis in the next stage [5, 6]. For this purpose, the analysis
was performed according to the thermal effect on the behav-
ior of engineered barriers and natural barriers, and various
thermal management methods were reviewed to analyze dif-
ferent thermal management concepts for efficient geological
disposal. In addition, the current status of thermal load man-
agement research in overseas countries conducting disposal
research and thermal limitations in various repositories were
reviewed. Based on the results, the characteristics of various
thermal management methods were analyzed, and efficient
thermal management methods applicable in Korea and their
efficiency in terms of the disposal area where they would be

applied were conceptually analyzed.

2. Review of Current Status of Thermal
Management

2.1 Crystalline Rocks

2.1.1 Sweden

SKB, a Swedish radioactive waste management orga-
nization, plans to use bentonite as a buffer material for the
KBS-3V [7] concept, a concept for a spent nuclear fuel dis-
posal system developed in Sweden (Fig. 1). The reference
bentonite is MX-80, installed in pre-compacted blocks. The

main goal of the bentonite block and ring manufacturing
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Fig. 1. The Swedish disposal concept [8].

process and the subsequent buffer installation process of
the KBS-3V concept is, once equilibrated after deployment,
to achieve a predefined final bulk density in a water-satu-
rated buffer.

The limit of the surface temperature of the waste dis-
posal container of the Swedish KBS-3V concept is 100°C
[8]. This limit was specified for the following reasons.

* To avoid having to consider the boiling effect of water

on emplaced waste disposal containers.

* To prevent excessive drying of the bentonite buffer ma-
terial.

* To limit the copper canister corrosion rate (copper cor-
rosion rate approximately doubles for every 10°C in-
crease in temperature).

* To prevent the build-up of potentially corrosion-accel-
erating salts on the surface of the canister.

* To prevent illitization of the bentonite buffer material.

2.1.2 Finland

In the case of Finland, Posiva, an implementation
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Fig. 2. Finnish disposal concept [12].

agency for the disposal of spent nuclear fuel, considers
KBS-3V [9] as a reference concept (Fig. 2) and KBS-3H
[10] as an alternative concept for the disposal of spent fuel

in the crystalline rock of the Olkiluoto site. The thermal

constraint in this concept is keeping the temperature of the
bentonite buffer below 100°C. The temperature limit has
existed since the early 1980s after Pusch [11] reviewed the
smectite stability of bentonite buffers. Posiva describes the
reasons for the thermal management temperature limit at
the repository as follows.

* To avoid the boiling of water and enrichment of sol-
ids near the surface of the canister during saturation,
which might cause cementation of the bentonite and
enhance corrosion of the copper canister.

* To avoid evaporation of water in bentonite.

* To avoid chemical changes in the buffer material.

Posiva therefore currently includes the 100°C tem-

perature limit in the development of the disposal system

through the requirements management system.
2.2 Sedimentary Rocks
2.2.1 France

The French concept for the disposal of spent fuel in a

clay host rock (Callovo-Oxfordian Clay) considered the
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Fig. 3. French concept for spent fuel disposal [14].
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Fig. 4. Swiss concept of repository for SNF/HLW [17].

concept of placing a steel container loaded with spent fuel
waste in a horizontal tunnel of the clay rock and enclosing
it with bentonite between steel liners in consideration of the
heat emitted by the spent fuel (Fig. 3). Bentonite buffers are
not installed around the disposal containers for the high-
level radioactive solidified waste from the spent nuclear
fuel reprocessing process [13].

The thermal criterion for the disposal concept was ini-
tially defined with a maximum temperature of 100°C for
the clay components of the disposal system (clay host rock
and swollen clay). Taking into account other uncertainties
(e.g. thermal conductivity of the clay host rock), the maxi-

mum temperature of the steel liner was set at 90°C [14].

2.2.2 Swiss
The Swiss reference concept developed in the Opalinus
Clay project envisions placing a buffer material around the
waste containers in a combination of compacted bentonite
blocks and pellets with powder. The reference bentonite is
MX-80, and the Swiss concept is illustrated in Fig. 4 [15].
Safety-related properties of buffer materials are their

swelling pressure and hydraulic conductivity for a period
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of time after resaturation is completed. In addition to the
maximum repository temperature, other factors can influ-
ence these characteristics. In the Swiss disposal concept,
the main role of the buffer material in terms of long-term
safety is to prevent horizontal flow of groundwater along
the disposal tunnel and with bentonite backfilled tunnels in
tight clay stone (Opalinus Clay), temperatures higher than
100°C is tolerated for the bentonite, because the host rock is
a primary barrier [16]. Therefore, NAGRA of Switzerland
set the design basis temperature at the center of the ben-
tonite blocks as 125°C based on the research result that the
decrease in the swelling capability of bentonite at 125°C is
negligible [15].

2.3 Other Host Rocks

2.3.1 Germany

The reference concept of a geological repository for the
disposal of high-level waste and spent nuclear fuel in Ger-
many (Fig. 5) considers salt rock as the host rock [18]. In
this concept, if the disposal canister is degraded or damaged,

isolation, containment, and delay functions are provided by
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Fig. 6. US YMP disposal concept [21].
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the salt rock, which is a geological barrier. A thermal limita-
tion of the German salt rock repository is that the tempera-
ture of the salt rock is maintained below 200°C [19]. This
temperature limit is based on the conclusion that decompo-
sition crystals were found only where the rock was heated
to 230°C, and the decomposition was insignificant at 200°C,
based on the results of a temperature analysis according to
the results of heater tests performed at the Asse salt mine in
the early 1980s.

2.3.2 The United States

The United States submitted an application for a con-
struction permit to dispose of high-level waste and spent
nuclear fuel in Mt. Yucca, Nevada, in 2008, but the Obama
administration suspended the project. The concept of dis-
posal was that waste disposal containers would be placed in
a disposal tunnel in an unsaturated area above the ground-
water level and would not be backfilled (Fig. 6). The tem-

perature constraint on the disposal facility was defined as

follows [20]:

The waste package surface temperature shall be kept
below 572°F (300°C) for the first 500 years and below
392°F (200°C) for the next 9,500 years to eliminate post-
closure issues (i.e. phase stability).

High temperatures are regarded as a beneficial feature
of the disposal concept as they contribute to sustaining dry
conditions in the near-field. In addition, the temperature of
the disposal tunnel wall and the intermediate position be-
tween the disposal tunnels were limited to 200°C and 96°C,
respectively, to keep temperatures below the boiling point

of water in the unsaturated area [21].

2.4 Summary of Repository Thermal
Management Concepts

The current status of thermal management by host rock
in each country described above is summarized in Table 1

below.

Table 1. Thermal management concepts associated with nations and host rocks

Host Rock Nation Thermal Conductivity Disposal Tunnel Deposition Hole Thermal Limits
(W-mK™) Spacing Spacing
Fl[nzl;?d 23-32 25m 11m Bentonite buffer < 100°C
Granite
Sweden 3.4-4 6m . o
23] 24529 40 m 79m Bentonite buffer < 100°C
France 1.9-2.7 parallel, . o
[24] 1.3-1.9 perpendicular 8.5-13.5m 2.5-4m Argillaceous host rock < 100°C
Clay _
Swiss 1.8 40m 3m Clay buffer < 125°C
(25]
Germany Salt rock < 200°C
[26]
Salt SNF: 28-85 ft . o
3.09 @ 100°C, HLW: 120 ft. (36.6m)  (8.5-25.9 m) gzﬁlrzl:lff‘;gsgéﬁ ¢
3.37 @ 29°C [27] SNF: 170 ft. (51.8 m) Defense HLW glass: HLW elass < 500°C
10 ft. (3.05 m) £
USA
Between tunnel
Tuff 0.99-2.07 [28] temperature < 96°C
4 ' ' Tunnel Wall
temperature < 200°C
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3. Thermal Management Methods for
Deep Geological Repository

The standards related to decay heat generated from
high-level waste encapsulated in a disposal container of a
deep geological disposal facility according to the Public
Notice on General Standards for Deep Geological Disposal
Facilities for High-Level Radioactive Waste [29] are de-
scribed below.

Article 13 Paragraph 2 related to engineered barriers
stipulates that, in connection with other design features and
characteristics of natural barriers, they shall be able to with-
stand decay heat and ambient pressure caused by radioac-
tive waste during operation and after closure of the disposal
facility. In addition, article 18 relating to the radioactive
waste form characteristics defines that in the disposal envi-
ronment in conjunction with engineered barriers against de-
cay heat and pressure, they shall maintain a physically and
chemically stable solid form and function for a long time.

In this study, a method was described to satisfy the stan-
dards related to decay heat stipulated in this public notice

on deep geological disposal facilities.

3.1 Extension of the Spent Nuclear Fuel
Cooling Time

One of the ways to manage spent nuclear fuel, which
is a high-level waste with high temperature characteristics,
is to store it for a longer period before disposal so that it
can decay and that the heat output will be lowered to an
acceptable level, and thereby as much spent nuclear fuel as
possible can be loaded in the disposal container. Cooling by
storage of spent nuclear fuel or high-level waste as part of
the preparation and operation of the repository can signifi-
cantly reduce the decay heat released from the waste during
the operation of the repository and after permanent closure.

As a thermal management strategy, the effectiveness
of cooling, also called decay storage, depends on the type

of waste and is usually limited to short-lived radionuclides
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(e.g., a half-life of less than 100 years).

In the case of such an extension of the cooling time, re-
lated cost factors such as storage facilities and licenses in-
crease according to the extension of the storage period of
spent nuclear fuel, and an integrity evaluation of the spent
nuclear fuel is required. Therefore it is necessary to estab-
lish the optimal storage period. In addition, as the size of
the disposal container increases due to the increase of spent
nuclear fuel loaded in the disposal container, it is necessary

to analyze the related handling and economic characteristics.

3.2 Changes in the Characteristics of
Disposal Containers

In order to improve the disposal efficiency in terms of
disposal area, the amount of waste per unit element must be
increased thermally and structurally compared to the refer-
ence disposal system. The most obvious solution to reduce
the excessive thermal load in a disposal container is to limit
the amount of spent nuclear fuel that can be accommodated
in a disposal container.

When a nuclear fuel cycle produces wastes of different
characteristics with respect to heat output due to inventory,
cooling time, or other characteristics, they can be disposed
of together within individual packages to serve as a thermal
management tool. Thus, high burn-up spent nuclear fuel as-
semblies can be combined with low burn-up assemblies or
other cooler waste types. Therefore, mixing according to
the thermal properties of the waste in the disposal container
can have an important effect on thermal management.

In addition, as a way to change the design of the dispos-
al container, using a low thermal conductivity material for
the disposal container in order to lower the temperature of
the surface of the disposal container and a bentonite buffer
material may be considered. In this case, the corrosion rate
of the disposal container may increase at high temperatures,
and the potential effect in this case can be offset simply by
increasing the thickness of the container, but other factors

such as weight should also be evaluated.

JNFCWT Vol.20 No.4 pp.469-488, December 2022
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Fig. 7. Concept of a double-layered buffer [31].

3.3 Changes in the Structure or Material
Properties of Engineered Barriers

In order to meet the design requirements for the maxi-
mum temperature of the buffer bentonite, which is a com-
ponent of the engineered barrier in the disposal system, the
structure of the buffer material surrounding the disposal
container could be modified. Regarding a method to in-
crease heat transfer from high-level waste in the disposal
container to bentonite by installing a material with high
thermal conductivity around the disposal container, sand
and graphite are being considered as materials that can be
used. Studies have been conducted in Japan to use a mix-
ture of bentonite and sand as a buffer material instead of in-
stalling pure bentonite for the entire buffer material. Japan
employed compressed pure Kunigel bentonite as a buffer

material in the initial deep disposal concept, but in the H-12

JIJNFCWT Vol.20 No.4 pp.469-488, December 2022

deep disposal concept [30], the Kunigel bentonite (70%)-
sand (30%) mixture was compressed and used as a buffer
material to improve the efficiency of heat transfer and the
mechanical performance. In this case, since the hydraulic
conductivity of the mixed buffer material may be increased
and the characteristics of the buffer material may be de-
formed, a detailed evaluation of the related characteristics
is required in terms of long-term safety.

In addition, for efficient thermal management of the re-
pository, the initial design of a single-layered buffer mate-
rial could be changed to a double-layered buffer material to
accelerate heat diffusion from the waste, as shown in Fig. 7.
This concept improves the thermal conductivity of the buf-
fer material by mixing bentonite, sand, and graphite in the
buffer layer close to the disposal container. It was analyzed
that the temperature of the surface of the disposal con-

tainer could be lowered by about 7°C relative to the initial
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(a) IWP (Integrated Waste Package)
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mixture of bentonite and sand

(b) MCM (Multi-Component Module)

Fig. 8. PEM Concept : no scale [35].

concept (98.8 — 91.6°C [31]).

The use of graphite was also considered in the Belgian
repository concept to improve the thermal conductivity of
the buffer material. When using a mixture of bentonite and
sand, adding Swt% of graphite increased the thermal con-
ductivity of the buffer material from 1.5 to 4 W-mK™! [32].
However, the use of additives can increase the hydraulic
conductivity of the buffer material, and the high heat causes
the buffer material near the disposal container to dry, which
can decrease the thermal conductivity. It is therefore nec-
essary to carefully consider whether the use of additives
meets other performance requirements of the buffer mate-
rial from the viewpoint of disposal safety. Additionally, fac-
tors affecting the long-term stability of the material (such as
colloid formation) must first be identified before graphite
can be used as part of a barrier material.

The use of dried bentonite packed in super containers
can manage the potential impact of hot waste on bentonite
properties. Because the kinetics of smectite-illite conver-
sion depend on the availability of potassium ions in the
groundwater [33], keeping bentonite dry can reduce the
possibility of illitization. As a similar disposal concept,
PEMs (Prefabricated EBS Modules) involve prefabricat-
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ing a steel container with waste, buffer materials, and engi-
neered barrier materials such as sand (Fig. 8) [34]. Howev-
er, although the temperature at the surface of the PEM will
be lowered, heat is not well discharged to the surroundings,
and the temperature of the high-level waste itself increases.
This may deteriorate the integrity of the PEM, and thus a

thorough safety evaluation should be preceded.
3.4 Change in Design Limit of Temperature

Since the maximum temperature at the interface be-
tween the disposal container and the buffer material limits
the amount of waste that can be disposed of in the unit area
of the disposal site to determine the disposition efficiency,
allowing a higher temperature limit than 100°C directly
leads to a reduction in the disposal area. Characterization
of buffer materials under high temperature conditions over
100°C is a relatively new and challenging area of study, and
many countries are actively conducting research to verify
the performance of their engineered barrier, especially
bentonite, at high temperature. Interest in this topic has
increased in some countries and institutions, and a project

has recently been carried out in GTS, Switzerland, after
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an international joint research planning meeting called
HotBENT (High Temperature Bentonite Project) [36]. The
main goal of HotBENT is to improve the understanding of
the behavior of buffers and near field bedrock under high-
temperature environmental conditions up to 200°C (surface
temperature of disposal containers) and secure databases
through related experiments. In Korea, the Korea Atomic
Energy Research Institute is conducting laboratory experi-
ments and running chemical models under high tempera-
ture conditions (up to 150°C) as part of its nuclear technol-
ogy development project to identify the high temperature
properties of buffers. This will serve as an opportunity to
secure safety cases for high-temperature buffers and can
contribute to improving the thermal design criteria applied

to deep geological repositories.

3.5 Changes in the Disposal Methods of
Spent Nuclear Fuel

One option for managing high-temperature waste is to
store high-level waste for a longer period of time to lower
the heat dissipation value of the container for packaging the
high-level waste below the thermal limit. Hicks and Craw-
ford [37] reported that the amount of heat emitted from the
surface of the disposal container could be reduced to an ac-
ceptable level through about 40-50 years of storage. Thus,
in order to meet the thermal limit, securing an additional
intermediate storage period for spent nuclear fuel may be
an alternative. In addition to the aforementioned measures,
Japan’s Nuclear Waste Management Organization (NUMO)
is developing a variety of new disposal concepts to meet
thermal limitations in a limited disposal area [38]. Among
them, the concept of CARE (CAvern REtrievable) puts
high-level waste in a multipurpose container, store it in a
cave at least 300 m underground rock to reduce heat, and
then close the disposal cave (Fig. 9) [39, 40].

The cave remains open for about 300 years, and active
management is conducted under the institutional system

during this period. The CARE concept was developed as
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Fig. 9. CARE concept [40].

part of the Repository Design Option Study, and it has the
advantage of enabling a more precise repository layout than
the Japanese reference disposal concept [30, 38]. In addi-
tion to the cooling period for the first 50 years, through the
introduction of the CARE concept for 300 years, the ther-
mal load would be reduced by more than 20-fold [30].

4. Analyses of the Efficiency of the
Thermal Management Methods

Among various measures for efficient thermal manage-
ment related to the disposal site, engineered barrier, and
waste characteristics, the efficiency of thermal management
methods according to the cooling time of spent nuclear fuel,
thermal conductivity of a bentonite buffer material, and di-
mensions of the disposal container were analyzed in this

study.
4.1 Cooling Time of Spent Nuclear Fuel
Various studies are being conducted in relation to the

cooling time of spent nuclear fuel or high-level waste and

the arrangement of underground disposal areas for the
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Table 2. Characteristics of high burn-up spent nuclear fuel [42]

Reference high burn-up spent nuclear fuel

Type
Enrichment Burn-up Cooling time
PWR spent nuclear fuel 4.5wt% 55 GWdtU™! 40 years
CANDU spent nuclear fuel 0.711wt% 8.5 GWdtU"! 30 years
design of a deep geological repository. If the cooling pe- 10° PR
riod is extended before the spent nuclear fuel is disposed ‘ R —
. . . [ 10<t<100 | 297?516 | 073045 | 3218383 | zsilu [ 1039494 | w.u;m | 2036431 | 41.3937 |
Of, rad]oact]ve decay can be further ]ncreased’ and thus the 5‘ 10% 4 [100<t<1,000 | 3218579 | 1016499 | 1467649 | 4056123 | 1104017 | 121288 | 1972185 | 6221932 |
radiotoxicity and decay heat value are reduced, thereby re- §
ducing the area required for the repository. w5 10°4
T
%
4.1.1 Thermal Characteristics of Reference Spent g 107
Nuclear Fuels
The reference spent nuclear fuel applied to the concept 101100 e A 0

of the spent nuclear fuel disposal system developed in Ko-
rea reflects the characteristics (Table 2) of high burn-up
spent nuclear fuel generated by nuclear power plants in Ko-
rea [41]. The reference spent nuclear fuel for the conceptu-
alization of the deep geological disposal system emits high
heat due to the continuous decay reaction of the radioactive
nuclide remaining inside. Fig. 10 below shows the decay
heat history over time of the reference spent nuclear fuel
(see Table 2) based on high burn-up, and the efficiency of
these high burn-up nuclear fuels was analyzed by calculat-
ing the temperature in the disposal site related to the cool-

ing time of spent nuclear fuels.

4.1.2 Preliminary Efficiency Analysis According to
the Cooling Time

The spent nuclear fuel released after generating electric-
ity from a nuclear power plant emits a high level of radio-
activity and high heat and, as shown in Fig. 10, the decay
heat will be attenuated over time. Table 3 shows the time re-
quired to reduce 100 W of decay heat based on the 40-year
cooling time of four assemblies of PWR spent nuclear fuel
per disposal container set in the reference disposal system

and the amount of heat reduction in each 10 years’ cooling
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Time after discharge [yr]
Fig. 10. The history of decay heat over time of PWR spent nuclear fuel [42].

of four assemblies of spent nuclear fuel in the disposal con-
tainer. As shown in the table, the time required to reduce the
amount of heat shows that the lower the amount of decay
heat is, the longer the period of time required for the reduc-
tion of a certain amount (100 W). In addition, in the case
of cooling time, the amount of heat reduced per disposal
container decreases as the cooling period becomes longer.
Therefore, it is necessary to derive an appropriate cooling
time for disposal in consideration of changes in cost and
waste characteristics according to the storage period.

Fig. 11 shows the temperature history and maximum
temperature in the repository according to the cooling pe-
riod. As shown in the figure, in the case of a 40-year cooling
period, which is the reference concept, the maximum tem-
perature is lowered from 97.5°C to 87°C, 78.7°C, 72.3°C,
and 67.4°C, as the cooling time is extended to 50, 60, 70,
and 80 years, respectively. Therefore, it is necessary to in-
crease the amount of thermal load by adding spent nuclear
fuel per disposal container to meet the temperature limita-

tion requirement of 100°C according to the cooling period,
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Table 3. Decrease or change of heat according to cooling time from spent fuel per disposal container

Time required to reduce 100 W per disposal container

Amount of thermal load reduced during 10 years’ cooling per disposal

container
Decay heat (W)  Cooling time (yr.) Required year for Cooling time (yr.) Decay heat (W) Reduced decay heat
100 W reduction (yr.) (10 years, W)
1,915 40 - 40 1,915 -
1,900 40.5 - 50 1,623 292
1,800 43.7 32 60 1,391 232
1,700 47.15 3.5 70 1,208 183
1,600 50.9 3.8 80 1,063 145
1,500 55 4.1 90 948 115
1,400 59.6 4.6 100 857 91
1,300 64.7 5.1 110 774 83
1,200 70.5 5.8 120 709 65
1,100 71.2 6.7 130 656 53
1,000 85.2 8.0 140 611 45
900 95 9.8 150 574 37
800 106.5 115 160 542 32
700 121.7 152 170 515 27
600 142.9 212 180 491 24
500 176 33.1 190 470 21
400 237 61.0 200 452 18
300 365 128.0 - - -
200 640 275.0 - - -
100 1,360 720.0 - - -

or to maximize the disposal efficiency in terms of the dis-

posal area by reducing the disposition tunnel/disposal space.

4.2 Buffer Thermal Conductivity

4.2.1 Concept of Buffer for the Reference Dis-
posal System
In a deep geological repository located in the deep crys-
talline bedrock, it is essential to install a buffer material to
prevent the inflow of groundwater through cracks in the

rock and corrosion of the disposal container and the outflow

JIJNFCWT Vol.20 No.4 pp.469-488, December 2022

of radionuclides [43, 44]. In addition, the buffer material
serves to protect the disposal container from external stress
and to dissipate the decay heat generated from the waste to
the host rock. In order to meet the design requirements of
the disposal site according to the decay heat, it is necessary
to increase the thermal conductivity of the buffer surround-
ing the disposal container to efficiently dissipate the dif-
fused decay heat. So, the thermal conductivity of the buffer
is one of the important factors.

In order to establish and design the concept of a buf-

fer in the reference disposal concept, not only qualitative
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Fig. 11. The temperature history of the disposal site according to the cooling time (40 years—80 years) of spent nuclear fuel in the disposal container [44].
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Fig. 12. The temperature history of the repository according to the thermal conductivity of the buffer material
(the thermal conductivity of the buffer material is 0.8—1.2).

requirements but also quantitative performance standards
are required. In general, the quantitative performance
standards of buffer materials are determined by analyzing
technical review items for buffer requirements based on

the results of related studies. The main technical items are
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hydraulic conductivity, nuclide adsorption, swelling abil-
ity and swelling pressure, thermal conductivity, long-term
integrity, organic matter content, mechanical properties, etc.
Among these items, the criteria related to thermal stability

are as described in Table 4 below.
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Table 4. Criteria for thermal stability of buffer materials

Characteristics Ca-Bentonite
(KJ bentonite)
Dry density (Mg-m™) 1.6
Initial water content (%)* 13
Thermal conductivity (W-mK™) 0.8
Hydraulic conductivity (m-s™) 1 %1072

1 x 107" (for cation)
1 x 107 (for anion)

5-7

Diffusion coefficient (m?-s™)

Swelling pressure (MPa)

* The ratio of the weight of water to the weight of the bentonite with water

4.2.2 Analysis of Disposal Efficiency According to
Thermal Conductivity of Buffer

In the deep geological disposal concept of crystalline

bedrock, the bentonite block, which prevents the flow of

leaked radionuclides from the breakage of the disposal

container and groundwater flowing through cracks in the

bedrock, and serves as a buffer from external stress, has a

significant impact on the repository temperature depending

on the thermal conductivity.

Fig. 12 shows the temperature history and maximum
temperature of the repository according to the thermal con-
ductivity of the bentonite buffer material. In the case of a
buffer material with thermal conductivity of 0.8 W-mK™',
the reference concept, the maximum temperature is
97.5°C, and as the thermal conductivity increases to 0.9,
1.0, 1.1, and 1.2 W-mK™!, the maximum temperature of
the repository is lowered to 93.9, 90.9, 88.6, and 86.7°C,
respectively, as shown in Fig. 12. Therefore, improving
the thermal conductivity of the buffer material in a direc-
tion that does not degrade the isolation and delay perfor-
mance of the buffer material, e.g., the disposal safety in
the disposal system, is considered a good way to improve
disposal efficiency. In other words, according to the ther-
mal conductivity of the buffer material, it is necessary to
maximize the disposal efficiency in terms of the required
area by adding spent nuclear fuel per disposal container
to meet the 100°C temperature limit requirement of the
repository or by reducing the disposition tunnel/disposal

space.

120
Reference concept: 97.5C
100
,,,,, tres

@) 80 \ Container radius +2.5 cm : 95.8C -
¢ .
2 60 | Container radius +5 cm : 94.2°C
©
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Fig. 13. Repository temperature history according to the size of the container
(increased in container radius by 2.5 cm and by 5 cm).
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4.3 Disposal Container Size

In a deep geological repository, the decay heat of the
spent nuclear fuel loaded in the disposal container diffuses
to the disposal container, the buffer material, and the host
bedrock. This is mainly accomplished by conduction rather
than convection or radiation when the repository is closed
[1]. Therefore, the heat transfer energy according to con-
duction can be expressed by Fourier’s law of heat conduc-

tion, as shown in the following equation.
oT
0,= kA5~ (M

where Q is the heat flux, k is the thermal conductivity, A
. oT . .
is the heat transfer area, and on 1S the temperature gradient
in each direction [45].

As shown in the equation, the heat transfer rate is pro-

portional to the thermal conductivity and the area through

Table 5. Results of the disposal efficiency analyses

which heat is transmitted, and inversely proportional to the
thickness of the area through which the heat is transmitted.
Therefore, if the heat transfer surface area of the disposal
container is increased, it is judged that the heat transfer
rate will increase and efficient thermal management of the
repository will be possible.

The heat management efficiency in the case of expand-
ing the heat transfer area of the disposal container was
thus analyzed. Fig. 13 shows the temperature history at the
repository when the radius of the disposal container is in-
creased by 2.5 cm and 5 cm.

As shown in Fig. 13, in the case of the reference concept,
the maximum temperature of the repository is 97.5°C. If the
radius of the disposal container is increased by 2.5 and 5
cm, the maximum temperature of the repository is lowered
to 95.8°C and 94.2°C, respectively. It is therefore judged
that the disposal efficiency in terms of disposal area can be

improved to some extent in terms of the required area.

Thermal management Value of factors Maximum temperature Remarks
method (°0) 0
Cooling time of spent nuclear fuel 40 (Reference concept) 97.5
1105
(years) 50 $7.0
183
60 78.7
164
70 72.3
149
80 67.4
Buffer thermal conductivity 0.8 (Reference concept) 97.5
(W-mK™) 13.6
0.9 93.9
13.0
1.0 90.9
123
1.1 88.6
119
1.2 86.7
Disposal container size radius (Reference concept) 97.5
(radius, cm) 117
radus+2.5 95.8
1 1.6
radus+5 94.2

Therefore, it is possible maximize the disposal efficiency in terms of the disposal area by adding spent nuclear fuel per disposal container or by
reducing the disposition tunnel/disposal space to meet the temperature limitation requirement of 100°C.
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However, the improvement in efficiency compared to
the disposal efficiency according to the cooling time of
spent nuclear fuel or the thermal conductivity of buffer ma-
terials is relatively small, and when the size of the disposal
container is increased, structural supplementation and in-

tegrity of the container are also required.

4.4 Results of Disposal Efficiency Analyses
With Thermal Management Methods

As described above section, among various measures
for efficient thermal management, in this study the effi-
ciency of thermal management methods according to the
cooling time of spent nuclear fuel, thermal conductivity of
a bentonite buffer material, and dimensions of the disposal
container were analyzed. Table 5 showed the results of the

disposal efficiency analyses in terms of disposal area.

5. Conclusions and Future Plans

Currently, the most widely accepted disposal method
for safe isolation of radioactive waste is to dispose of it
in a deep geological repository designed and constructed
with multiple barriers composed of engineered and natu-
ral barriers so that it can be completely isolated for very
long time in a stable and deep geological environment. The
safe disposal of high-level radioactive waste depends on
the performance of engineered barriers and natural barriers,
which are components of the entire disposal system. A key
consideration for both the near field around the engineered
barriers and natural barrier are the heat generated from the
waste due to the large amount of fission products in the dis-
posal container.

In this paper, considering the situation in Korea in
which a relatively large amount of spent nuclear fuel has
to be disposed of in a small area of land due to the use
of nuclear energy that is an essential component of energy

production because of the lack of resource, thermal man-

JIJNFCWT Vol.20 No.4 pp.469-488, December 2022

agement technology in the repository to improve disposal
efficiency in terms of disposal area is presented and ana-
lyzed. The findings of this study are summarized below.

- A conceptual analysis was performed on the effect of
heat on the geological repository system for high-level
radioactive waste and thermal management methods.
The analysis was performed mainly according to the
thermal effect on the behavior of engineered barriers
and natural barriers.

- By reviewing various thermal management methods,
thermal management concepts for efficient geological
disposal were analyzed. In particular, we reviewed the
current status of research on thermal load management
in some countries conducting disposal research on
thermal limitations in the repository.

- From the results of the analyses on various thermal
management methods, several thermal analyses of the
repository for factors such as spent nuclear fuel cool-
ing time, buffer bentonite thermal conductivity, and
disposal container size was carried out to develop an
efficient thermal management method applicable in Ko-
rea. Based on the results, efficiency in terms of disposal
area was conceptually analyzed and additional research
that should be performed for each factor was described.
The results of this study can be used as data to estab-

lish an efficient concept of a deep geological repository for
spent nuclear fuel, and they are expected to contribute to
securing flexibility because of a long-term disposal project
in the development of disposal technology. In the future, in
order to secure applicability and validity of the results of
this study in Korea, a detailed analysis using data obtained

from actual disposal sites is required.
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