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Abstract: The decommissioning of nuclear facilities indicates that the site is finally released according
to a limited or unlimited site reuse purpose. In this process, the assessment of exposure dose to
decommissioning workers and nearby residents is essential. Based on MARSSIM, a widely used
decommissioning guideline in the United States, derivation of the exposure dose and derived
concentration guideline level (DCGL) is mandatory using the probabilistic analysis of the RESRAD
code. Here, DCGL is the radionuclide-specific concentration that satisfies the site release criteria.
By applying the priority 1 parameter, which has the greatest effect on the dose, the dose is
derived through deterministic and probabilistic analyses. The results were compared and analyzed.
The purpose of this study was to provide a basic database that can be applied to the development of
parameter lists and distributions suitable for the characteristics of nuclear facilities in South Korea.
In addition, the process of deriving the dose by applying the deterministic and probabilistic analyses
of RESRAD was assessed.
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1. Introduction

In the decommissioning of nuclear facilities, there is a risk of radiation exposure to receptors
due to the residual radioactivity of the site or building. According to the critical characteristics of
the nuclear facilities” decommissioning, it is necessary to carefully carry out the decommissioning
process following the appropriate decommissioning instructions. The MARSSIM is a decommissioning
guideline document that provides detailed guidance for planning, implementing, and evaluating
environmental and radiological facility surveys conducted to demonstrate compliance with dose-
or risk-based regulations. The MARSSIM was developed by the US Department of Defense (DOD),
US Department of Energy (DOE), Environmental Protection Energy (EPA), and US Nuclear Regulatory
Commission (NRC) [1]. It is also expected to be applied to South Korea as it is applied to cases of
decommissioning around the world. The MARSSIM provides the following decommissioning steps:
Historical site assessment (HSA), scoping survey, characterization survey, remedial action support
survey, final status survey (FSS), regulatory agency confirmation, and verification.

The derived concentration guideline level (DCGL), first derived from the scoping survey, is applied
to classify contaminated sites, and is updated at each stage as new contaminants are found. The DCGL
is the radionuclide-specific concentration that satisfies the site release criteria. After decommissioning,
the residual radioactivity is lower than that of the DCGL, and the site can be released. Therefore, DCGL
is an essential standard for decommissioning.

The RESRAD, developed by Argonne National Laboratory (ANL) in the USA, is mainly used to
derive the exposure dose and DCGL. This study was performed using probabilistic and deterministic
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analyses of the RESRAD-ONSITE code [2]. The dose was derived for situations in which residual
radioactivity exists in the soil, and the receptor is exposed to it.

The ANL, which developed the RESRAD code, has been actively researching parameters and
codes. As a result, various parameters were identified, and the identification criteria were as follows [3]:
(1) Parameter relevance in dose calculation, (2) dose variability according to the changes in parameter
values, (3) parameter types (behavior/metabolic/physical), and (4) data availability in the literature.

By assigning the scores according to the criteria, the parameters are divided into priority 1,
priority 2, and priority 3. Priority 1 means high priority; priority 2 means medium priority; and
priority 3 means low priority. Among the RESRAD parameters, 10 parameters are classified as high
priority, 39 as medium priority, and 96 as low priority. The parameter distribution was developed
for 49 parameters of priority 1 and 2. The priority 3 parameters were shown to have a low impact
on dose assessments. Therefore, priority 3 parameters are excluded from the distribution analysis by
the ANL and the US NRC Dose Modeling Working Group. Among the priority 1 and 2 parameters,
no distribution was assigned to site-specific parameters, such as directly measurable radionuclide
concentrations, contaminated area width, and contaminated area thickness [3].

The dose derived from the RESRAD codes depends on the accuracy and reliability of the
input parameters. In addition, parameters represent different values depending on the geographic
characteristics of the sites. Therefore, it is essential to develop site-specific parameter lists and
distributions that are appropriate for each site. Relevant field studies are needed to develop these lists
and distributions.

In South Korea, which is about to decommission its first commercial nuclear power plant, Kori
Unit 1, research on the exposure dose and DCGL using RESRAD is being actively conducted [4-12].
However, no accurate comparative analysis between deterministic and probabilistic analyses has
been performed.

In this study, the priority 1 parameters were entered into the RESRAD-ONSITE code, and the
exposure dose was derived by applying deterministic and probabilistic analyses. The characteristics of
the two methods were compared by analyzing the doses derived from each analysis.

2. Methods

2.1. Priority 1 Parameters

In general, a priority 1 parameter has a greater effect on the dose and tends to vary from site to
site. In addition, it can be easily found in the literature and is not hard to characterize. Therefore, data
collection and analysis should first focus on priority 1 parameters [13].

The priority 1 parameters for dose derivation are shown in Table 1 [3].

Table 1. Priority 1 parameter list and assignment of probability density functions.

Parameter Type Assigned Distribution

Truncated Normal
Truncated Normal
Truncated Normal
Uniform
Lognormal
Truncated Normal
Bounded Lognormal
Truncated Normal
Lognormal
Bounded Lognormal

Density of contaminated zone (g/cm?)
Density of cover material (g/cm?)
Density of saturated zone (g/m3)

Depth of roots (m)

Distribution coefficient (cm3/ 2)
Saturated zone effective porosity
Saturated zone hydraulic conductivity (m/year)
Saturated zone total porosity
Transfer factors for plants
Unsaturated zone thickness (m)

a=Ria~Ra~RavRae e BaviaeBisvBie)

Among the priority 1 parameters, the distribution coefficient and transfer factors for plants have
different values for each radionuclide. Therefore, it is difficult to assign them a single value. The density
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of the cover material is excluded to derive a conservative dose. As a result, a total of seven parameters
were used in this study, except for the above three parameters. There are three distribution types of
priority 1 parameters: Truncated normal, uniform, and bounded lognormal. The probability density
function for each distribution is as follows: (1) Uniform, (2) Bounded Lognormal, (3) Truncated Normal.

1
f) = max — min’ M)
nx—p\ 2
xalZTIexp[_%(l ‘7#) ]
f(x) = Ug-Lg ’ 2)
exp| 4 ()
f(x) = 2T Uq[—Lq ] 3)

Figure 1 shows the probability density function graph for each distribution type. It was derived by
using the relevant probability density function for each parameter and the minimum, highest, average,
standard deviation, lower quantile, and upper quantile values.
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Figure 1. Assigned distribution type graph for priority 1 parameter: (a) uniform; (b) bounded

lognormal; (c) truncated normal.



Energies 2020, 13, 1983 40f 13

2.2. Probabilistic Analysis

The RESRAD code provides deterministic and probabilistic analyses to derive the dose and
DCGL. In the deterministic analysis, a single dose value is derived by entering a single value for all
parameters. If the input value is correct, the correct dose value can be derived quickly. However,
in actual decommissioning cases, many parameters range over various values rather than a single
value. Therefore, it is not possible to derive a dose from a single value, in which case, the probabilistic
analysis method is used.

The probabilistic analysis method uses a parameter distribution rather than a single parameter
value and calculates various doses. Among the various dose results obtained, the peak of the mean
dose is adopted to demonstrate compliance with 10 CFR Part 20, Subpart E [14]. The NUREG-1757
contains a description of how a license holder can be compliant by using probabilistic analysis [15].

The derivation of sensitive parameters should precede the derivation of the dose through
probabilistic analysis. If there are no available site data among the physical parameters, the partial
rank correlation coefficient (PRCC) value is derived for priority 1 and 2 parameters. The parameter
whose absolute value of PRCC is higher than 0.25 is identified as a sensitive parameter. Correlation
can be quantified by the partial correlation coefficient (PCC), standardized regression coefficient (SRC),
and standardized rank regression coefficient (SRRC) values in addition to PRCC. Table 2 summarizes
the advantages and disadvantages of each correlation coefficient [3].

Table 2. Comparison of correlation coefficients.

Approach Advantages Disadvantages
Measures linear relationship and gives the =~ Large variations in scale distort PCC
PCC unique contribution of an input values. PCC not of much use when
parameter to the resultant dose the relationships are nonlinear
M li lationship with . .
castres Hnear e ationship ‘.Nlt out Less useful when the relationship
influence of scale between input .
. between input parameter and
SRC parameter and resultant dose. It provides : .
. . resultant dose is nonlinear, and the
shared contribution of an input parameter input parameters are highly correlated
to the resultant dose putp sy
Estl'mate's nonhn(?ar monoto'mc Not useful when the relationship
relationship and gives the unique .
PRCC o . between input parameter and
contribution of an input parameter to the . .
resultant dose is nonmonotonic
resultant dose
Estimates nonlinear monotonic
SRRC relationship and provides a shared Less useful when input parameters

contribution of and input parameter to
the resultant dose

are highly correlated

In general, the use of PRCC and SRRC is recommended over PCC or SRC when the input and
output values are nonlinear, with different scales or long tails. Since the PRCC strongly indicates the
input correlation, it was used to derive the sensitive parameters. The process of deriving the sensitive
parameters is shown in Figure 2 [16].

After identifying the sensitive parameter and assigned values, the peak of the mean dose was
derived. The deterministic analysis derives a total of four doses using the upper, middle, lower, and
default values of the priority 1 parameter distribution. Then, we compared the doses with the peak of
the mean dose derived using the probabilistic analysis.
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Figure 2. Sensitive parameter selection procedure.

2.3. Input Value of RESRAD

50f13

The radionuclides of concern used in this study are expected to exist in Kori Unit 1, the first
commercial nuclear power plant in South Korea. The radionuclides were chosen based on a previous
study. According to a previous study, Rancho Seco and Zion NPP were selected as reference
nuclear power plants [5]. In addition, NUREG documents [17-19], decommissioning technical

documents [20-22], and sampling analysis data were used to derive significant radionuclides.

The list of radionuclides is shown in Table 3 [5].
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Table 3. List of concerned potential radionuclides.

Radionuclide Half-Life (Years)

e 5.73 x 103
80Co 5.27 x 10°
134cg 2.06 x 10°
137Cg 3.02 x 10!
90G¢ 2.86 x 10!
63N 1.00 x 102

After entering the radionuclide, the parameter values and distribution are entered to derive
the sensitive parameters. The dose limit was selected as 0.1 mSv/year, the site release criteria of
South Korea.

For the sensitivity analysis, the random seed was set to 1000, and the number of observations to
100. The process was repeated three times to ensure the accuracy of the calculation. This input set is
used to generate a result set that will be generated from the sensitivity/probability analysis.

The sampling method option is Latin hypercube or Monte Carlo. The Monte Carlo method took
random samples over the entire area. Therefore, this method has the possibility of generating duplicate
samples in the same area. On the other hand, the Latin hypercube method extracts samples by regions
of the same size during sampling, and samples can be obtained without overlapping. After entering
the above values, the probabilistic analysis was performed.

For the deterministic analysis, the upper, median, lower, and default values of the priority 1
parameter distribution were used. Table 4 shows the input values of the seven parameters for the
deterministic analysis.

Table 4. Input values for deterministic analysis.

Parameter Upper Value = Median Value = Lower Value = Default Value

Density of contaminated zone (g/cm3) 223 1.52 0.809 1.5

Density of saturated zone (g/m3) 2.23 1.52 0.809 1.5

Depth of roots (m) 4 2.15 0.3 0.9

Saturated zone effective porosity 0.635 0.355 0.075 0.2

Saturated zone hydraulic 6770 3390 0.0147 100

conductivity (m/yr)

Saturated zone total porosity 0.693 0.425 0.157 0.4

Unsaturated zone thickness (m) 512 256 0.193 4

The parameter values and distributions listed in this section were entered into the
RESRAD-ONSITE code. As a result, four types of doses were derived using deterministic analysis,
and the peak of the mean dose was derived using probabilistic analysis.

3. Results

3.1. Resultant Dose

In Section 2, a sensitivity analysis was completed after inputting parameter values and distributions
so that a probabilistic analysis for deriving the peak of the mean dose can be performed. To ensure the
reliability of the results, the PRCC values obtained by performing the same calculation three times are
shown in Table 5.
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Table 5. PRCC value of each parameter.

Rank Coeff Rank Coeff Rank Coeff

Parameter
Repetition 1 Repetition 2 Repetition 3
Density of contaminated zone (g/cm3) 2 0.63 2 0.67 2 0.62
Density of saturated zone (g/m?) 7 0.01 7 0.07 4 0.11
Depth of roots (m) 1 -0.91 1 -0.93 1 -0.92
Saturated zone effective porosity 5 0.05 6 -0.09 7 -0.07
Saturated zone hydraulic conductivity (m/year) 4 0.13 5 0.10 5 0.10
Saturated zone total porosity 6 0.02 4 0.10 6 0.08
Unsaturated zone thickness (m) 3 -0.23 3 -0.19 3 -0.17

Although there are changes in the PRCC value and rank, the sensitive parameters are the same as
the depth of the roots and the density of the contaminated zones. In the case of the depth of the roots,
the PRCC value is less than —0.25, so the lower quartile 25% value of 1.21857 is given to the assigned
value. In the case of the density of the contaminated zone, the PRCC values are greater than 0.25.
Therefore, the upper quartile 75% value of 1.67468 is given to the assigned value. When the RESRAD
was run after applying the assigned value, the value of the peak of the mean dose was derived, and the
value is shown in Table 6.

Table 6. Peak of the mean dose derived by probabilistic analysis.

Repetition Time of the Peak Mean Dose (Year) Peak of the Mean Dose (mSv/Year)
1 0 5.793
2 0 5.793
3 0 5.794

The dose derived through the deterministic analysis is shown in Table 7.

Table 7. Maximum total dose derived by deterministic analysis.

Maximum Total Dose (mSv/Year)

Upper value 5.137
Median value 5.640
Lower value 5.832
Default value 5.744

3.2. Dose Analysis

3.2.1. Deterministic Analysis of the Resultant Dose

In this section, an analysis of the dose derived by RESRAD was performed. Figure 3 shows the
contributions of radionuclides to the maximum total dose and dose changes from 1 to 1000 years.

As time passes, the dose tends to decrease. Therefore, the highest dose occurs at the initial time
(0 years) and the dose converges to 0 as it approaches 1000 years. As a singularity of each case, in the
case of (d), the maximum dose of *C shows the highest value of 0.4 mSv/year at 3 years instead of 0
years. In addition, the highest influence radionuclide on the total maximum dose is 60Co, which is the
same in all cases. However, in the case of (a), the second-highest influence radionuclide on the dose is
134Cs rather than *Sr.
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Figure 3. Dose graph by time according to value: (a) upper value, (b) median value, (c) lower value,
and (d) default value.

The total dose and the highest dose for each radionuclide represent different values for each case
due to the differences in the priority 1 parameter values. However, the tendency to decrease the dose
over time is the same. Figure 3 shows that the radionuclide most affected by the change in parameter
values is 1*C. 1C produces a dose close to zero or a dose of 0.5 mSv/year, depending on the change in
the parameter value. The reason for the variation in the *C dose is estimated to be the low saturated
zone hydraulic conductivity and unsaturated zone thickness.

Furthermore, the contribution of each pathway to the dose was analyzed. The dose graphs by the
pathway are shown in Figure 4.

The pathway that contributes the most to the maximum dose is the external, and the pathway that
has the second most influence is plant ingestion (water independent). In addition, the dose change of
14C, which can be seen in Figure 3, is dominantly influenced by the fish ingestion pathway.

The radionuclide was leached from the contaminated zone to the surface water (including the
unsaturated zone, saturated zone, and groundwater), then the fish ingested the contaminated water.
Therefore, it was estimated that saturated zone hydraulic conductivity and unsaturated zone thickness
contributed to the dose change for C.
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Figure 4. Dose graph by exposure pathway according to value: (a) upper value, (b) median value, (c)
lower value, and (d) default value.

3.2.2. Probabilistic Analysis of the Resultant Dose

For the probabilistic analysis, the RESRAD code performs many simulations based on the specified
setting values to calculate the dose. As a result, the peak of the mean dose was derived. In addition,
the code provides information about the probabilistic dose and cumulative probability distributions.
The cumulative probability is the probability that the value of a random variable is in a specified range
and represents the probability that the random variable is less than or equal to the specified value.

The dose and cumulative probability information are shown in Figure 5.

Cumulative probability graphs describe the cumulative probability, range, and distribution of
the dose. In addition, Figure 5a indicates different cumulative probabilities from other radionuclides.
The cumulative probability of 1*C exhibited that the cumulative probability increased rapidly from the
low dose range. For other radionuclides, a wide range of doses were generated until the cumulative
probability was 50%, and then cumulative probabilities near the maximum dose were up to 100%.
The exact dose range and dose value for each radionuclide can be found in the text report.
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Figure 5. Cumulative probability and dose of each radionuclide: (a) C-14, (b) Co-60, (c) Cs-134,
(d) Cs-137, (e) Ni-63, and (f) Sr-90.

The dose range of *C is 0.2 ~ 1.1 mSv/year, ®Co is 2.23 ~ 2.26 mSv/year, 134Cs is 1.21 ~ 1.27
mSv/year, 137Cs is 0.53 ~ 0.58 mSv/year, 63N is 0.0008 ~ 0.0016 mSv/year, and 908 is 0.6 ~ 1.3 mSv/year.
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In addition, the cumulative probability graph indicates that the dose of ®*Co is the highest and that of
63N is the lowest.
The probabilistic dose for each radionuclide is shown in Table 8.

Table 8. Probabilistic dose of each radionuclide.

Radionuclide Time (Year) Peak of the Mean Dose (mSv/Year)
Min 0 0.216
14c Max 15.5 1.07
Avg 0.444 0.365
Min 0 2.23
0Co Max 0 2.26
Avg 0 2.25
Min 0 1.21
134g Max 0 1.27
Avg 0 1.25
Min 0 0.533
137¢s Max 0 0.578
Avg 0 0.563
Min 0 8.46 x 1074
63Njj Max 0 1.58 x 1073
Avg 0 1.33x 1073
Min 0 0.657
0gp Max 0 1.30
Avg 0 1.08

The probabilistic analysis results indicate that ®*Co contributed the most to the dose and ®*Ni
generated a negligible dose. In addition, ®°Co, 1**Cs, and '¥Cs present a small difference between
the maximum and minimum dose values compared with other radionuclides. *C is a radionuclide
because of the large change in the dose value.

Table 9 is a table of dose values for the priority 1 parameters derived from this study. The value
of D1 is the peak of the mean dose derived by applying only the priority 1 parameter distribution.
D2 is the default value applied dose in the deterministic analysis, D3 is the lower value applied dose in
the deterministic analysis, D4 is the median value applied dose in the deterministic analysis, D5 is
the upper value applied dose in the deterministic analysis, and D6 is the peak of the mean dose that
applied the assigned value.

Table 9. The resultant doses of priority 1 parameters were determined by deterministic analysis and
probabilistic analysis.

Dose Type Dose (mSv/Year)
D1 55
D2 5.744
D3 5.832
D4 5.64
D5 5.137
D6 5.793

In the case of the dose derived through probabilistic analysis (D1, D6), D6 is 5.3% (0.293 mSv/year)
higher than D1. Therefore, the assigned value of the sensitive parameter is a conservative value of the
parameter, which contributes to the dose variation. In addition, if the assigned value is applied, a more
conservative dose is derived.
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4. Conclusions

In this study, the dose was derived through the probabilistic and deterministic analyses of
RESRAD-ONSITE using the priority 1 parameter. The doses derived from each analysis were compared
and analyzed. In addition, the radionuclides and pathways contributing to the maximum dose
were analyzed.

Sensitivity analysis was performed to derive PRCC values, sensitive parameters, and assigned
values. As a result, the peak of the mean dose was obtained. This dose was located between the dose
derived by the default value and the dose derived from the lower value.

In conclusion, the default value of the RESRAD code is conservative. If the decommissioning
licensee needs to derive a conservative dose quickly, it is an effective way to derive a dose using the
RESRAD default value instead of the parameter distribution.

In addition, the peak of the mean dose can be a definite radiation protection standard obtained
by conservative derivation. The default values and distributions built into RESRAD derive the
conservative dose and ensure public safety.

However, if the dose is overestimated, significant decommissioning costs, time, and effort will be
spent. Therefore, site-specific parameters for the site should be used as much as possible. Additionally,
using the reliable and well-calibrated RESRAD code, optimized dose values can be obtained.

If the parameter values are not single, then a parameter distribution should be developed, and an
optimized parameter distribution that reflects the site characteristics should be developed.

The results of the dose analysis showed that the most contributing radionuclide to the dose was
60Co, and the least influential radionuclide was ®3Ni. In addition, the radionuclide of interest was 4C,
which represents a dose change depending on the parameter value variation. The pathway analysis of
the C dose indicates that fish ingestion is the most contributing pathway.

In this study, the process of deriving the dose by applying the deterministic and probabilistic
analyses of RESRAD was studied. This methodology will be the basis for deriving exposure doses by
applying the characteristic site parameters in each country. It will also be a valuable background for
developing parameter lists and parameter distributions.
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