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a b s t r a c t

The objective of this study was to derive derived concentration guideline levels (DCGLs) reflecting the
site-specific characteristics of KRR-1&2. A total of 7 nuclides (H-3, C-14, Co-60, Sr-90, Cs-137, Eu-152, and
Eu-154) were selected for DCGLs derivation. Radiation dose at the sites was evaluated with RESRAD-
ONSITE program. The dose contribution due to direct external exposure was the highest during the
entire evaluation period. Ingestion had the second effect. The DCGLs of Co-60 was derived to be 0.051 Bq/
g, and DCGLs of Cs-137 was 0.193 Bq/g. The DCGLs of H-3 showed the highest value of 129 Bq/g. The ratio
of DCGLs derived by applying site-specific values and default values ranged from 0.27 to 19.6. For six
nuclides excluding H-3, KRR-1&2 sites and the overseas NPP sites showed similar DCGLs. H-3 showed
large differences in DCGLs from this study and overseas NPPs. The large difference resulted from input
parameter values applied to the sites. In conclusion, it is critical to apply site-specific parameter values
reflecting the site characteristics to derive DCGLs for decommissioned site clearance. The result of this
study can be used as a reference for nuclide selection and DCGLs derivation reflecting the site charac-
teristics when decommissioning nuclear facilities, including nuclear power plants in Korea.
© 2021 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

Korea Research Reactor Units 1&2 (KRR-1&2) are the first nu-
clear reactors in Korea, and were operated from 1962 to 1995 for
training, research, and isotope production. With the operation of
the High-Flux Advanced Neutron Application Reactor (HANARO), a
multipurpose research reactor, the utility of KRR-1&2 gradually
declined, and official decommissioning work began in 1997 [1]. The
International Atomic Energy Agency (IAEA) has declared that
decommissioned sites can be reused with restriction or without
restriction depending on satisfaction of requirements, including
derived concentration guideline levels (DCGLs) [2]. In Korea, the
radiation dose criteria for reuse of the site and the remaining
buildings is suggested as 0.1 mSv/y. To satisfy the dose criteria, the
operator should derive DCGLs and use them as the standard for the
investigation of residual radioactivity on the site or building after
decommissioning [3]. To unrestrictedly use the KRR-1&2 sites, they
should satisfy the dose criteria. To this end, it is essential to derive
the DCGLs, which reflect the site-specific characteristics influencing
by Elsevier Korea LLC. This is an
radiation dose.
For the KRR-1&2 sites, Lee et al. previously estimated radiation

doses due to five gamma-emitting nuclides (Co-60, Cs-134, Cs-137,
Eu-152, and Eu-154) assuming final status of the decommissioning
[4]. However, the selection of the target radionuclides for site
release was not systematic. They were just selected among radio-
nuclides detected during the KRR decommissioning. In addition,
information of the site-specific characteristics was insufficient. The
derivation of the preliminary DCGLs values were conducted in
other nuclear facilities. Hong et al. derived DCGLs for site release of
a uranium conversion plant following decommissioning [5]. Pre-
liminary studies to derive DCGLs of commercial nuclear power
plant (NPP) site were performed for the Kori Unit 1 in Korea [6,7].
Site-specific exposure scenarios were developed and site-specific
characteristics were applied in the studies. In addition, a sensi-
tivity study was performed to identify the parameters influencing
radiation dose at the site and to reflect the site-specific character-
istics in the parameters [8]. The DCGLs for building rather than site
were derived at a nuclear fuel fabrication facility [9]. Kamboj et al.
and Rima derived DCGLs for the clearance of experimental build-
ings [10,11]. Several studies associated with KRR-1&2 DCGLs deri-
vation have been performed. Residual nuclide radioactivity around
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KRR-1&2 was measured with in-site measurement system [12,13].
Scaling factors for the dismantling of KRR Unit 2 were developed to
assess radioactive inventory and non-detectable nuclide evaluation
[14e16]. Studies using 3-D modeling were conducted to develop
decommissioning scenarios [17e19].

Through recent analyses of the waste generated in KRR-1&2,
differences were observed in nuclides applied in the previous KRR-
1&2 DCGLs studies [4]. Recent DCGLs studies have been focused on
commercial reactors. In the case of research reactors, since the
reactor type or operation history is different from that of com-
mercial reactors, it is unreasonable to apply the same approach for
nuclide selection and DCGLs derivation considering the site char-
acteristics. Therefore, the site release of KRR-1&2 requires revision
of nuclide selection and DCGLs derivation considering the site-
specific characteristics.

The objective of this study was to derive DCGLs reflecting the
site-specific characteristics of KRR-1&2. To achieve the objective,
the target nuclides for site release were selected through site his-
tory surveys of KRR-1&2. Total effective dose equivalent (TEDE) at
the sites after decommissioning were evaluated and site-specific
input values and sensitivities for the nuclide-specific applied pa-
rameters were confirmed. On this basis, the nuclide-specific DCGLs
at KRR-1&2 sites were derived.

2. Materials and methods

2.1. Selection of target nuclides for site release

Deriving the DGCLs first requires the selection of potential nu-
clides believed to exist at the site. Fig. 1 shows the procedure for
Fig. 1. Procedure for selecting target nuclid
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selecting the target nuclides for the release of the KRR-1&2 sites in
this study. The procedure was developed based on NUREG-1757
[20]. To select the target nuclides for investigation, the potential
target nuclides of KRR-1&2 should be selected considering the
nuclide inventory of KRR-1&2, the nuclides handled in operation,
the data from the analytical results of concrete and soil waste
generated from decommissioning of KRR-1&2, and information
from overseas research reactors.

Among the potentially selected nuclides for investigation, those
not detected at the site were excluded. In addition, inert nuclides
unlikely to remain at the site at the end of decommissioning were
excluded from the final target nuclides. Finally, after excluding the
undetected and inert nuclides, among those remaining, the nu-
clides with low dose contributions were excluded. The United
States (US) Nuclear Regulatory Commission (NRC) regards radio-
nuclides and exposure pathways that contribute no greater than
10% of the dose criteria to be insignificant contributors [20]. The
10% limit for insignificant contributors is an aggregate limitation
only. That is to say, the sum of the dose contributions from all ra-
dionuclides and pathways considered insignificant should be no
greater than 10% of the dose criteria. However, in decommissioning
projects in the US, 0.1% was applied considering the uncertainty of
the data [21]. This study also applied 0.1% for conservative esti-
mation. In radiation dose evaluation, the nuclide-specific concen-
trations of radioactive waste from research reactors were applied
for the nuclide concentrations. In addition, the maximum specific
activity of each nuclide of KRR-1&2 waste was applied to perform a
conservative evaluation considering the nuclide-specific pollutant
fraction. According to the target nuclide selection procedure, the
nuclides with total dose contribution less than 0.1% of the dose
es for the release of the KRR-1&2 site.
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criteria were considered as insignificant and excluded. For site
release without restriction, resident farmer scenario was used for
dose evaluation. It is typically worst-case use scenario. This sce-
nario includes all environmental pathways for on-site and is ex-
pected to result in the highest predicted lifetime dose. In this study,
radiation dose from each nuclide was calculated and then the nu-
clides with total dose contribution less than 0.1% were excluded.
Finally, reflecting the procedure to select target nuclides among the
potential target nuclides of KRR-1&2, the nuclides to be investi-
gated for the site release of KRR-1&2 were selected.
2.2. Evaluation of total effective dose equivalent (TEDE)

The radiation doses at the KRR-1&2 sites were evaluated for the
target nuclides selected at the previous step. The radiation doses
were calculated using RESRAD-Onsite (ver. 7.2), which was devel-
oped to assess the radiological effects on the residents of contam-
inated sites. The procedure of the radiation dose evaluation
consisted of several steps, including development of exposure
scenarios, selection of input parameters, and radiation dose
calculation.

The building of KRR-1&2 has been decontaminated. Also, all the
buildings are still standing. The site will be reused after all these
buildings are demolished in the future. However, reuse plans for
the KRR-1&2 sites have not been established yet. Therefore, resi-
dent farmer scenario was selected in this study for conservative
evaluation. In the resident farmer scenario, a family is assumed to
move to the released site, build a home, and raise crops and live-
stock for family consumption [28]. The family members may
receive radiation dose through external and internal radiation ex-
posures: direct radiation exposure from radionuclides in the soil,
inhalation of resuspended dust from ground soil, and ingestion of
water, soil, and food from crops, livestock, and fish from the release
site.

Input parameters to be applied to the scenario were determined
to calculate the radiation doses reflecting the exposure scenario.
This study preferentially used domestic data, and when domestic
data were not available, used default value of RESRAD. Table 1
shows the main domestic data applied in this study. Applied area
was 47,417 m2, which was the research reactor area. Surface soil
Table 1
Input parameters available in domestic data.

Parameter Site-Specific
Value

Contaminated zone
Area of contaminated zone (m2) 47,417
Thickness of contaminated zone (m) 0.15
Length parallel to aquifer flow (m) 245.71
Hydrological data
Irrigation mode (m) 0.4
Well pump intake depth (m) 17
Inhalation
Inhalation rate (m3/y) 7,400
Mass loading for inhalation (m) 0.000006
Ingestion pathway: dietary data
Fruit, vegetable, grain consumption (kg/y) 346.9
Leafy vegetable consumption (kg/y) 100
Milk consumption (L/y) 73.2
Meat and poultry consumption (kg/y) 71.1
Fish consumption (kg/y) 32.4
Other seafood consumption (kg/y) 21.9
Drinking water intake (L/y) 196.3
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thickness was 15 cm, which is the depth of contamination within
the site in decommissioning considered in NUREG-1575 [22]. A
maximum evaluation period of 1,000 years was used in accordance
with Notice 2016e33 of the Nuclear Safety and Security Commis-
sion [3]. To derive the residual radioactivity targets for the indi-
vidual nuclides from the evaluated radiation dose based on
radioactivity per unit mass, the initial concentration for each
nuclide was assumed to be 1 Bq/g.

To verify the degree of parameters affecting the total effective
dose equivalent (TEDE), a sensitivity analysis of the target nuclides
was performed to identify the major nuclide-specific influencing
parameters among the parameters applied to the radiation dose
evaluation. The objective of the analysis was to enable efficient
evaluation by focusing on parameters with a relatively large influ-
ence on the total radiation dose when applying site-specific pa-
rameters for dose assessment [25]. This study applied the
normalized dose difference (NDD) method for the sensitivity
analysis of the nuclide-specific variables. The NDD method nor-
malizes the difference between the maximum peak total dose and
the minimum peak total dose to the maximum total dose obtained
from the input variable set as the reference value [26]. This study
used the difference between the maximum and minimum total
doses calculated by designating the total dose using the RESRAD
default value and default value to the site characteristic value as the
upper and lower range. The NDD was derived with equation (1)
where Total Dosebase is the dose calculated by setting the param-
eters to their default values. Total Dosemax and Total Dosemin are the
doses obtained by setting the parameters to their maximum and
minimum values, respectively [27].:

NDDð%Þ¼
�
�
�
�

Total Dosemax � Total Dosemin

Total Dosebase

�
�
�
�
� 100 (1)

Parameters with a value greater than 20% of the calculated NDD
value were selected as highly sensitive parameters in this study
[26].

2.3. Derivation of DCGLs at KRR site

Target nuclide-specific DCGLs at KRR-1&2 site were derived
based on radiation dose evaluation results from the previous step.
Default
Value

Note

10,000 Area of KRR site
2 NUREG-1575 [22]
100 Diameter of release site

0.2 Reference [23]
10 Reference [23]

8,400 Reference [24]
0.0001 Reference [23]

160 Reference [24]
14 Reference [24]
92 Reference [24]
63 Reference [24]
5.4 Reference [24]
0.9 Reference [24]
510 Reference [24]
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Site release criteria of 0.1 mSv/y by the Nuclear Safety and Security
Commissionwere applied to derive the DCGLs. The nuclide-specific
DCGLs were derived with equation (2) [28]:
Nuclide� specific DCGLs ðBq = gÞ¼Nuclide� specific radioactivity concentrations ðBq=gÞ � Dose reference value ðmSv=yÞ
Nuclide� specific effective dose ðmSv=yÞ (2)
The derived DCGLs with site characteristic parameters were
compared with DCGLs derived by applying the RESRAD default
values. In addition, the overseas cases related to nuclear power
plant decommissioning were also compared.
3. Results and discussion

3.1. Selection of target nuclides for site release

Table 2 shows potential nuclides, excluded nuclides, and final
target nuclides selected for KRR-1&2 site clearance. A total of 20
potential nuclides were selected based on the nuclide inventory
evaluation data of KRR-1&2, operational history data, actual mea-
surement data, and nuclide inventory evaluation data of overseas
research reactors [29e31]. Among them 13 nuclides were selected
for exclusion, consisting of those not detected on site, inert gas state
nuclides, and those with total dose contribution less than 0.1% (Fe-
55: 0.0045%, Ni-63: 0.0003%, and Cs-134: 0.0838%). Finally, these
13 nuclides were excluded from the 20 potential target nuclides
due to their low importance for the site clearance. A total of 7 nu-
clides (H-3, C-14, Co-60, Sr-90, Cs-137, Eu-152 and Eu-154) were
finally selected to derive the DCGLs at the KRR-1&2 sites. Compared
with previous KRR-1&2 DCGLs derivation research [4], Cs-134,
which was previously considered, was observed to have a low
dose contribution and was therefore excluded. H-3, C-14, and Sr-90
were confirmed through the actual analytical results and thus were
Table 2
Potential nuclides and final target nuclides selected for KRR-1&2 site.

Radio nuclide Potential Nuclides

Nuclide
Inventory

Research
Reactor
Handling

Charac
-teristics Evaluation

Overse
Data

H-3 � �
C-14 �
Na-22 �
Mn-54 �
Fe-55 � � �
Fe-59 �
Ni-59 �
Co-60 � � � �
Ni-63 �
Sr-90 �
Nb-94 �
Tc-99 m �
I-131 �
Ba-133 �
Cs-134 �
Cs-137 � �
Eu-152 � � �
Eu-154 � � �
Ir-192 �
Au-198 �
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added to the nuclides for investigation.
3.2. Evaluation of total effective dose equivalent (TEDE)
Fig. 2 shows the changes in radiation dose over time after the
site clearance of KRR-1&2. In addition, the pathway-specific con-
tributions to radiation dose over time were identified. The
maximum radiation dose at KRR-1&2 sites was 5.92 mSv/y after
0.92 year when the representative nuclide-specific concentration
was assumed to be 1 Bq/g. Subsequently, the radiation dose
continuously decreased, and after 100 years, it converged to almost
zero. Based on the confirmation of pathway-specific contributions
during the evaluation period, the dose contribution due to direct
external exposure from radionuclides in the ground was the
highest during the entire evaluation period. Ingestion of radioactive
materials had the second effect and the radiation dose due to
ingestion increased up to 3 years and then decreased over time.
Radiation dose due to the inhalation of radioactive materials had
the smallest effect.

Fig. 3 shows the changes in radiation dose by nuclide over time.
Until the first 3 years after site release, the radiation dose of Co-60
was the most dominant, followed by Eu-152 and Eu-154. After
about 10 years, Cs-137 was observed to be dominant. Despite
continuous decrease of radiation dose due to Co-60 over time, the
maximum radiation dose from all nuclides was observed after 0.92
year (Fig. 2). This is because the increase in radiation dose resulting
from C-14 was greater than the dose resulting from Co-60, which
decreased between 0 year and 0.92 year. For Co-60, the radiation
dose decreased by 12% from 1.95 mSv/y at 0 year to 1.72 mSv/y at
0.92 year. For C-14, the radiation dose increased by 456% from 0.24
mSv/y at 0 year to 1.35 mSv/y at 0.92 year. The increase in the ra-
diation dose of C-14 compared with the decrease in the radiation
Excluded Nuclides Final
Target
Nuclide

as Undetected Inert Gas Phase Dose Below 0.1%

�
�

✕

✕

✕

✕

✕

�
✕

�
✕

✕

✕ ✕

✕

✕

�
�
�

✕

✕



Fig. 2. Changes in radiation dose by pathway over time.

G.-H. Kim, T.G. Do, J. Kwon et al. Nuclear Engineering and Technology 54 (2022) 493e500
dose of Co-60 caused the increase in the overall radiation dose
during initial years. Moreover, the radiation dose due to C-14 shows
a high contribution to the overall radiation dose up to 3 years after
site release. C-14was identified to affect radiation dose by ingestion
pathway up to about 3 years after site release because the main
route through which C-14 enters the human body is through food
ingestion [28]. In addition to the two radionuclides, Eu-152 and Eu-
Fig. 3. Changes in radiation d
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154 showed high contributions throughout the entire period. Thus,
in the KRR-1&2 sites, the external exposure due to gamma-emitting
nuclides (Co-60, Cs-137, Eu-152, and Eu-154) was observed to be
the most dominant in the overall exposure.

Table 3 shows the results of the sensitivity analysis to identify
the major influencing parameters for each nuclide among the pa-
rameters applying the site-specific values. Beta emitting nuclides
ose by nuclide over time.



Table 3
Sensitivity analysis results by target nuclide (Unit: %).

Parameter Co-60 Cs-137 Eu-152 Eu-154 H-3 C-14 Sr-90

Area of contaminated zone 7.0 21.7 6.0 6.0 14.2 330.4 36.9
Thickness of contaminated zone 16.1 20.3 12.4 12.9 494.4 853.3 85.5
Precipitation 0.0 0.0 0.0 0.0 10.3 48.3 0.5
Irrigation mode 0.0 0.0 0.0 0.0 17.3 38.8 0.2
Well pump intake depth 0.0 0.0 0.0 0.0 138.5 148.1 0.0
Well Pumping rate 0.0 0.0 0.0 0.0 52.5 19.7 0.0
Inhalation rate 0.0 0.0 0.0 0.0 899.8 0.0 0.0
Fruit, vegetable, grain consumption 2.4 19.0 0.1 0.1 19.6 23.8 194.3
Leafy vegetable consumption 0.6 4.4 0.0 0.0 6.3 41.7 41.7
Fish consumption 0.0 0.0 0.0 0.0 0.0 355.7 0.0
Other seafood consumption 0.0 0.0 0.0 0.0 0.0 46.2 0.0
Drinking water intake 0.0 0.0 0.0 0.0 125.9 34.6 0.0

Table 5
Comparison of derived DCGLs with oversea data.

Radionuclide DCGLs (Bq/g)

KRR1&2 Connecticut Yankee [36] Yankee Rowe [37]

Co-60 0.051 0.056 0.059
Cs-137 0.193 0.117 0.127
Eu-152 0.113 0.149 0.148
Eu-154 0.104 0.137 0.141
H-3 129 6.098 5.476
C-14 0.073 0.084 0.081
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(H-3, C-14, and Sr-90) compared to gamma emitting nuclides (Co-
60, Cs-137, Eu-152, and Eu-154) have higher sensitivity for each
parameter. In addition, the beta emitting nuclides were found to be
highly sensitive to parameters related to inhalation and ingestion.

C-14 had the greatest impact on ingestion. The parameter
sensitivity analysis demonstrated that it had an effect through the
most parameters. Most of these parameters were confirmed to be
related to ingestion. Among the ingestion parameters of C-14, one
that greatly influenced the radiation dose was identified as fish
consumption, as the transfer factor of carbon was the highest
applied for radiation dose evaluation [32]. The C-14 in the ocean is
diluted by stable carbon isotopes in the ocean's sedimentary layers,
and in the case of seaweed as well, the C-14 concentration may be
diluted by photosynthesis. However, in the case of fish, dilution did
not occur, and high concentrations were reported [33]. Conse-
quently, due to the high bioaccumulation factor of fish, the transfer
factor also increased, thus increasing the radiation dose due to
ingestion [32]. Among the analyzed parameters, the thickness of
the contaminated zone showed sensitivities more than at least 10%
for all nuclides. For the gamma emitting nuclides, the pathway of
direct external exposure showed high contribution to total radia-
tion dose, and the parameter sensitivity analysis also confirmed
that the parameters affecting the external exposure were the main
parameters. However, the effect of parameters related to ingestion
or inhalation was observed to be small. For the beta-emitting nu-
clides, numerous parameters were observed to influence the
change in total radiation dose. In particular, the parameters causing
internal exposure by ingestion or inhalation were confirmed as the
main parameters.

Sensitivity parameters for H-3 and Sr-90 were also related to the
characteristics of nuclides. H-3 forms chemical compounds iden-
tical to other isotopes, the most important compounds is water
[34]. Using a well or drinking water was an action that directly
affects the ingestion of H-3, so high sensitivity to water-related
parameter (Well pump intake depth, Well pumping rate and
Drinking water intake) was confirmed. Sr-90 has a property of a
Table 4
Comparison of DCGLs by applied parameter.

Radionuclide Application of Site-Specific Value

Effective Dose (mSv/y) DCGLs (Bq/g)

Co-60 1.952 0.051
Cs-137 0.517 0.193
Eu-152 0.884 0.113
Eu-154 0.957 0.104
H-3 7.76 � 10�4 129
C-14 1.379 0.073
Sr-90 0.692 0.145
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high rate of transfer from soil to plants [35]. For this reason, the
high sensitivity to plant-related factors (Fruit, Vegetable, grain
consumption and Leaf vegetable consumption) was confirmed.

3.3. Derivation of DCGLs at KRR site

Table 4 shows the nuclide-specific DCGLs of KRR-1&2 sites
derived based on radiation doses evaluated in this study. The DCGLs
of Co-60, which showed the highest dose contribution during the
first 3 years after site release, was derived to be 0.051 Bq/g, and
DCGLs of Cs-137, which showed the highest dose contribution after
10 years, was 0.193 Bq/g. The DCGLs of H-3 showed the highest
value of 129 Bq/g. This study could additionally confirm the dif-
ferences between the DCGLs derived with the site-specific values
and the DCGLs applied with the RESRAD default values. The ratio of
DCGLs derived by applying site-specific values and default values
ranged from 0.27 to 19.6. As DCGLs are derived from the nuclide-
specific radiation doses, the differences in DCGLs according to the
applied parameters are also due to the differences in radiation
doses evaluated according to the applied parameters. The DCGLs
difference was relatively small for gamma-emitting nuclides
(DCGLs ratio ¼ 1.11e1.14) while it was large for beta-emitting ra-
dionuclides (DCGLs ratio¼ 0.27e19.6). As mentioned in section 3.2,
there were differences in sensitivity for each factor depending on
Application of Default Value DCGLs
Ratio

Effective Dose (mSv/y) DCGLs (Bq/g)

2.237 0.045 1.14
0.577 0.173 1.11
0.986 0.101 1.11
1.068 0.094 1.11
1.52 � 10�2 6.596 19.6
0.366 0.273 0.27
1.004 0.100 1.46

Sr-90 0.145 0.023 0.025
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the nuclide, and in particular, it was confirmed that there were
many factors with higher sensitivity to beta-emitting nuclide than
to gamma-emitting nuclide. For beta-emitting nuclides, major
sensitive parameters for H-3 are mainly associated with water
pathway, C-14 with fish pathway, and Sr-90 with plant pathway. In
the study results, it was confirmed that the main exposure pathway
for each nuclide was groundwater use for H-3, fish consumption for
C-14, and fruit, vegetable, and grain consumption for Sr-90. High
sensitivity means that it has a large influence on the change in dose
depending on the applied factor value. In other words, due to the
effect of these dose changes, the difference in DCGLs for beta-ray
emitting nuclides was large according to the difference in factor
application. The results confirmed that it is critical to apply site-
specific parameter values reflecting the site characteristics for
decommissioned site release.

Table 5 shows comparison of DCGLs derived in this study with
the DCGLs of overseas commercial NPP sites. For six nuclides
excluding H-3, KRR-1&2 sites and the overseas NPP sites showed
similar DCGLs. Co-60, which had the highest dose contribution in
all the cases, showed the most similar values in all comparison
groups. DCGLs value is high when the radiation dose is low, and it is
low when the radiation dose is high. For KRR-1&2 site, H-3 among
the selected nuclides showed the lowest contribution of 0.19% to
total radiation dose. It showed a dose of 5.45 � 10�4 mSv/y at 0.92
year, which is the maximum effective dose, with a contribution of
0.01%. This led to higher DCGLs than the other nuclides. Further-
more, H-3 showed large differences (more than 30 times) in DCGLs
from this study and overseas NPPs. The large difference resulted
from input parameter applied to the sites. Sensitivity study and
comparison with overseas commercial reactors showed that main
parameters resulting such difference were the thickness of the
contaminated zone, well pump intake depth, well pumping rate,
drinking water intake, and inhalation rate. The comparison
demonstrated that the input parameter applied to the research
reactor (KRR 1&2) sites were lower than those applied to compared
NPP sites. Most parameters above affect H-3 ingestion; as the
ingestion amount and radiation dose risewith the input value, KRR-
1&2 sites, which applied relatively low values, showed low radia-
tion doses. Consequently, the derived DCGLs were high. For
confirmation, the DCGLs of H-3 was derived by applying the same
input parameters from Yankee Rowe NPP. It was 6.935 Bq/g, a
similar value with those at overseas NPP sites. This again demon-
strates that it is required to site-specific parameter reflecting the
site characteristics.

4. Conclusion

The DCGLs for KRR-1&2 site release after completing of
decommission were derived by reflecting site-specific characteris-
tics. To this end, the target nuclideswere first selected and radiation
dose at the sites were evaluated by considering site characteristics
and site-specific input parameters. On this basis, the nuclide-
specific DCGLs at KRR-1&2 sites were derived based on the dose
criteria.

A total of 7 nuclides (H-3, C-14, Co-60, Sr-90, Cs-137, Eu-152 and
Eu-154) among 20 potential nuclides were finally selected to derive
the DCGLs at the KRR-1&2 sites based on the nuclide selection
procedure developed in this study. H-3, C-14, and Sr-90 were
confirmed through the actual analytical results and thus were
added to the nuclides for investigation. From the aspect of radiation
dose contribution, the nuclides can be divided into two groups,
including gamma-emitting nuclides (Co-60, Cs-137, Eu-152, and
Eu-154) and beta-emitting nuclides (H-3, C-14, and Sr-90).

Based on the confirmation of pathway-specific contributions
according to the evaluation period, the dose contribution due to
499
direct external exposure from radionuclides in the ground was the
highest during the entire evaluation period. Ingestion had the
second effect and inhalation had the smallest effect. Up until the
first 3 years after site release, the radiation dose of Co-60 was the
most dominant, followed by Eu-152 and Eu-154. After about 10
years, Cs-137 was observed to be dominant. C-14 among beta-
emitting nuclides highly contributed to the overall radiation dose
up to 3 years after site release.

The DCGLs of Co-60 was derived to be 0.051 Bq/g, and Cs-137
DCGLs was 0.193 Bq/g. The DCGLs of H-3 showed the highest
value of 129 Bq/g. The ratio of DCGLs derived by applying site-
specific values and default values ranged from 0.27 to 19.6. The
DCGLs difference was relatively small for gamma-emitting nuclides
(DCGLs ratio ¼ 1.11e1.14) while it was large for beta-emitting ra-
dionuclides (DCGL ratio ¼ 0.27e19.6). Such difference in DCGLs
resulted from the differences in the applied input parameters. For
six nuclides excluding H-3, KRR-1&2 sites and the overseas NPP
sites showed similar DCGLs. H-3 showed large differences (more
than 30 times) in DCGLs from this study and overseas NPPs. The
large difference resulted from input parameter applied to the sites.

In conclusion, it is critical to apply site-specific parameter
reflecting the site characteristics to derive DCGLs for decom-
missioned site release. This study results can be used as a reference
for nuclide selection and DCGLs derivation reflecting the site
characteristics when decommissioning nuclear facilities, including
nuclear power plants in Korea.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgement

This work was supported by the Ministry of Science and ICT
(MSIT) of the Republic of Korea under the nuclear R&D Project.

References

[1] Kaeri, A Study on the Identification of the National Research and Development
Needs for Nuclear Decontamination and Decommissioning in Korea, Korea
Atomic Energy Research Institute, 2000. KAERI/CR-94/2000.

[2] Iaea, Release of Site from Regulatory Control on Termination of Practices,
International Atomic Energy Agency, 2006. No. WS-G-5.1.

[3] Nssc Notice, Criteria for Reuse of Site and Buildings after Completion of
Decommissioning of Nuclear Facilities, Nuclear Safety and Security Commis-
sion, 2016, 2016-33.

[4] K.W. Lee, S.B. Hong, J.H. Park, U.S. Chung, Final status of the decommissioning
of research reactors in Korea, J. Nucl. Sci. Technol. 47 (12) (2010) 1227e1232.

[5] S.B. Hong, D.S. Hwang, B.K. Seo, J.K. Moon, Practical application of the
MARSSIM process to the site release of a Uranium Conversion Plant following
decommissioning, Ann. Nucl. Energy 65 (2014) 241e246.

[6] H. Seo, W. Sohn, Scenario options to calculation of Derived Concentration
Guideline Levels for a multi-unit decommissioning site, Ann. Nucl. Energy 133
(2019) 347e358.

[7] H. Seo, W. Sohn, Calculation of preliminary site-specific DCGLs for nuclear
power plant decommissioning using hybrid scenarios, Nucl. Eng. Technol. 51
(2019) 1098e1108.

[8] J. Byon, S. Park, S. Ahn, Derivation of preliminary derived concentration
guideline levels for surface soil at Kori Unit 1 by RESRAD probabilistic analysis,
Nucl. Eng. Technol. 50 (2018) 1289e1297.

[9] S. Cho, Y. Kim, D. Park, C. Park, A study on DCGL determination and the
classification of contaminated areas for preliminary decommission planning
of KEPCO-NF nuclear fuel fabrication facility, Nucl. Eng. Technol. 51 (8) (2019)
1951e1956.

[10] S. Kamboj, C. Yu, R. Johnson, Development of DCGLs by using both probabi-
listic and deterministic analyses in RESRAD (Onsite) and RESRAD-OFFSITE
codes, Health Phys. 104 (2) (2013) S68eS75.

[11] S.D. Rima, Development of dose-based release limits for unrestricted release
of a radiochemistry laboratory, Health Phys. 84 (2) (2013) S37eS40.

[12] B.J. Lee, S.Y. Chang, S.K. Park, W.S. Jung, K.J. Jung, Evaluation of residual

http://refhub.elsevier.com/S1738-5733(21)00556-8/sref1
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref1
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref1
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref2
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref2
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref3
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref3
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref3
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref4
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref4
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref4
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref8
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref8
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref8
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref8
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref10
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref10
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref10
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref10
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref11
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref11
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref11
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref12


G.-H. Kim, T.G. Do, J. Kwon et al. Nuclear Engineering and Technology 54 (2022) 493e500
radiation and radioactivity level of TRIGA Mark-II,III research reactor facilities
for safe decommissioning, J. Korean Asso. Radiat. Prot. 24 (2) (1999) 109e120.

[13] S.B. Hong, J.S. Nam, Y.S. Choi, B.K. Seo, J.K. Moon, Application of in situ mea-
surement for site remediation and final status survey of decommissioning
KRR site, J. Radiat. Prot. Res. 41 (2) (2016) 173e178.

[14] S.B. Hong, B.K. Seo, D.K. Cho, G.H. Jeong, J.K. Moon, A Study on the inventory
estimation for the activated bioshield concrete of KRR-2, J. Radiat. Prot. 37 (4)
(2012) 202e207.

[15] S.B. Hong, M. Kang, K. Lee, U. Chung, Development of scaling factors for the
activated concrete of the KRR-2, Appl. Radiat. Isot. 67 (2009) 1530e1533.

[16] M.J. Kang, S.B. Hong, U.S. Chung, J.H. Park, A correlation of the 60Co and beta-
emitting radionuclides in the activated concrete of KRR-2, J. Nucl. Sci. Technol.
45 (5) (2008) 658e661.

[17] H. Kim, S. Kim, B. Seo, K. Lee, J. Park, The preliminary 3D dynamic simulation
on the RSR dismantling process of the KRR-1&2, Ann. Nucl. Energy 30 (2003)
1487e1494.

[18] S. Kim, H. Park, C. Jung, K. Lee, Quantitative comparison and analysis of
decommissioning scenarios using the analytic hierarchy process method and
digital mock-up system, J. Energy Eng. 16 (3) (2007) 93e102.

[19] H. Park, S. Kim, K. Lee, C. Jung, J. Park, S. Jin, The application of visualization
and simulation in a dismantling process, J. Nucl. Sci. Technol. 44 (4) (2007)
649e656.

[20] U.S.NRC, Consolidated Decommissioning Guidance; Characterization, Survey,
and Determination of Radiological Criteria, vol. 2, U.S. Nuclear Regulatory
Commission, 2006, p. 1. NUREG-1757.

[21] U.S.NRC, Rancho Seco License Termination Plan Revision 1, U.S. Nuclear
Regulatory Commission, 2008.

[22] U.S.NRC, Multi-Agency Radiation Survey and Site Investigation Manual
(MARSSIM), U.S. Nuclear Regulatory Commission, 2000. NUREG-1575 rev. 1.

[23] KINS, Development of Regulatory Requirements for Clearance of Radioactive
Waste, Korea Institute of Nuclear Safety, 2002. KINS/RR-144.

[24] KINS, Supplementation and V&V of Integrated Dose Assessment Code Pack-
age, Korea Institute of Nuclear Safety, 2014. KINS/HR-1357.

[25] Y. Lim, H. Kim, J. Son, K. Park, K. Kang, K. Kim, C. Jeong, Key parameters
500
analysis of important radionuclides in dose evaluation model of decom-
missioning site, Proceedings of the Korean Radioactive Waste Society Spring
(2004). Suwon, Korea, June 24-25, 2004.

[26] ANL, Examination of Technetium-99 Dose Assessment Modeling with RESRAD
(Onsite) and RESRAD-OFFSITE, Argonne National Laboratory, 2011. ANL/EVS/
TM/11-2.

[27] U.S.NRC, Development of Probabilistic RESRAD 6.0 and RESRAD-BUILD 3.0
Computer Codes, U.S. Nuclear Regulatory Commission, 2000. NUREG/CR-
6697.

[28] ANL, User's Manual for RESRAD Version 6, Argonne National Laboratory, 2001.
ANL/EAD-4.

[29] G. Hampel, F. Scheller, W. Bernnat, G. pfister, U. Klaux, E. Gerhards, Calculation
of the Activity Inventory for the TRIGA Reactor at the Medical University of
Hannover (HMM) in Preparation for Dismantling the Facility, Waste Man-
agement, 2002.

[30] E. Ionescu, D. Gurau, D. Stanga, O.G. Duliu, Decommissioning of the VVR-S
research reactor radiological characterization of the reactor block, Rom. Rep.
Phys. 64 (No. 2) (2012) 387e398.

[31] A. R€aty, P. Kotiluoto, FIR 1 TRIGA Activity Inventories for Decommissioning
Planning, PREDEC, 2016.

[32] A. Anl, Compilation of Radionuclide Transfer Factors for the Plant, Meat, Milk,
and Aquatic Food Pathways and the Suggested Default Values for the RESRAD
Code, Argonne National Laboratory, 1993. ANL/EAIS/TM-4103.

[33] IRSN, Radionuclide Fact Sheet Carbon-14 and the Environment, Institute for
Radiological Protection and Nuclear Safety, 2010.

[34] C.E. Murphy Jr., The Transport, Dispersion, and Cycling of Tritium in the
Environment (U), Westinghouse Savannah River Company, 1990. WSRC-RP-
90-462.

[35] D.K. Gupta, C. Walther, Behaviour of Strontium in Plants and the Environment,
Springer, 2018.

[36] U.S.NRC, Haddam Neck Plant License Termination Plan Revision 4, U.S. Nu-
clear Regulatory Commission, 2006. CY-06-144.

[37] U.S.NRC, Yankee Nuclear Plant Station License Termination Plan Revision 1,
U.S. Nuclear Regulatory Commission, 2004. BYR 2004-133.

http://refhub.elsevier.com/S1738-5733(21)00556-8/sref12
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref12
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref12
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref14
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref14
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref14
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref14
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref15
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref15
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref15
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref20
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref20
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref20
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref21
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref21
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref22
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref22
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref23
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref23
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref24
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref24
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref24
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref27
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref27
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref27
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref28
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref28
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref30
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref30
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref30
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref30
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref33
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref33
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref34
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref34
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref34
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref35
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref35
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref36
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref36
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref37
http://refhub.elsevier.com/S1738-5733(21)00556-8/sref37

