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a b s t r a c t

For investigating whether the MARSSIM nonparametric test has sufficient statistical power when a site
has a specific contamination distribution before conducting a final status survey (FSS), a novel approach
was proposed to predict the release probability of the site. Five distributions were assumed: lognormal
distribution, normal distribution, maximum extreme value distribution, minimum extreme value dis-
tribution, and uniform distribution. Hypothetical radioactivity populations were generated for each
distribution, and Sign tests were performed to predict the release probabilities after extracting samples
using Monte Carlo simulations. The designed Type I error (0.01, 0.05, and 0.1) was always satisfied for all
distributions, while the designed Type II error (0.01, 0.05, and 0.1) was not always met for the uniform,
maximum extreme value, and lognormal distributions. Through detailed analyses for lognormal and
normal distributions which are often found for contaminants in actual environmental or soil samples, it
was found that a greater statistical power was obtained from survey units with normal distribution than
with lognormal distribution. This study is expected to contribute to achieving the designed decision error
when the contamination distribution of a survey unit is identified, by predicting whether the survey unit
passes the statistical test before undertaking the FSS according to MARSSIM.
© 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

Globally, the number of nuclear power plants (NPPs) perma-
nently shutdown is increasing [1], and in South Korea, the
decommissioning demand has been increasing since the perma-
nent shutdown of Kori Unit 1 in 2017. After decommissioning, the
lands and remaining buildings contaminated with radioactive
materials remain, and the residual radioactivity of sites affects the
environments around NPPs during decommissioning. According to
the International Atomic Energy Agency (IAEA), all relevant expo-
sure pathways must be considered when assessing the potential
radiological effects of a site release, and the licensees must prove to
regulators that the site satisfies the release criteria [2]. In South
Korea, the individual dose caused by residual radioactivitymust not
exceed 0.1 mSv/y, based on the effective dose. However, because it
is difficult to assess the dose of individual persons directly, the
derived concentration guideline level (DCGL), which is the
.

by Elsevier Korea LLC. This is an
radioactivity concentration for each nuclide derived from the cor-
responding effective dose criteria, is used instead of release criteria
[3]. Because a contaminated site cannot be arbitrarily released or
reused by the NPP licensee until it satisfies the DCGL criterion after
removing residual radioactivity, appropriate remediation actions,
such as decontamination, should be carried out.

The Multi-Agency Radiation Survey and Site Investigation
Manual (MARSSIM) [4], which is a document developed jointly by
four United States government agenciesdthe U.S. Nuclear Regula-
tory Commission (NRC), the Environmental Protection Agency
(EPA), the Department of Energy (DOE), and the Department of
Defense (DOD)dis widely used to release sites based on current
regulations. For example, Haddam Neck NPP and Maine Yankee
NPP performed site surveys after decommissioning according to
the MARSSIM guidelines [5,6]. In South Korea, there is also a case in
which MARSSIM was applied when reusing the site of a uranium
conversion facility [7]. In other words, MARSSIM is being used
practically not only overseas but also in South Korea. Thus, it is
expected that MARSSIM can be applied to the commercial NPP sites
after decommissioning in South Korea. In MARSSIM, a site is
divided into multiple survey units, and a determination is made as
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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to whether the residual radioactivity concentration of each survey
unit in the final status survey (FSS) exceeds the DCGL. A statistical
process is used in the analysis of FSS results to make this deter-
mination for each survey unit.

Prior to the development of the MARSSIM method, parametric
statistical methods were used to determine whether a site could be
released [8,9]. MARSSIM recommends the use of a nonparametric
statistical test when making a decision on site release because it
relies on fewer assumptions and less information is required to
validate the assumptions that do apply. However, when radioactive
contamination data for actual environmental specimens or soil
specimens have been examined, they have been found to exhibit
specific types of distributions, such as a lognormal distribution
[10,11]. The distribution of residual radioactivity data for a site after
decommissioning may thus be parametric, and accordingly, a sta-
tistical test is required.

Some studies have compared statistical power with respect to
sample size for nonparametric statistics used in the FSS of MARS-
SIM and have compared the statistical power of parametric and
nonparametric statistics. Other studies have tested the applicability
of the MARSSIM nonparametric statistical test by assuming a
radioactivity population with a normal distribution [12e14].
However, such analyses have been conducted only for normal
distributions; studies have not been conducted on the assessment
of statistical power based on other types of parametric distribu-
tions, such as lognormal distributions, which are often found in
actual environments. In other words, research to date on the
applicability of the MARSSIM process for parametric statistical
distributions has been limited.

If the release of a survey unit fails in the FSS, problems arise
because the entire survey unit has to be decontaminated again, and
additional sampling must be performed. Therefore, the release of
survey units requires careful decision making [4]. A decision on site
release could only be made after conducting an FSS, the results of
which were difficult to predict in advance. If the release probability
of a survey unit could be predicted prior to conducting an FSS, it
would be advantageous, such as increasing the possibility of site
release through preemptive decontamination if necessary.

In this study, a new methodology was developed to evaluate
whether the statistical test of MARSSIM is sufficiently reliable for
use in predetermining before performing the FFS whether a site can
be released, when a survey unit has a specific type of parametric
distribution. To this end, assuming populations with representative
residual radioactivity distributions, the nonparametric statistical
test of MARSSIM was applied to each distribution to assess effects
on the statistical power.

2. Materials and methods

2.1. Statistical approaches used in MARSSIM

In MARSSIM, two nonparametric statistical tests are used in
making decisions concerning the release of survey units. A Sign test
is applied to radionuclides such as Cs-137 and Co-60 in a one-
sample problem to determine whether the value obtained by
subtracting the mean background from the mean radioactivity
concentration of the survey unit exceeds the DCGL when the ra-
dionuclides are not in the background. AWilcoxon rank sum (WRS)
test is applied to naturally occurring radioactive materials such as
U-238 and Th-232 in a two-sample problem to determine whether
the difference in the radioactivity concentration between the sur-
vey unit and the reference area exceeds the DCGL when the ra-
dionuclides are in the background. Because this is not easily
determined when NPPs are actually released, only assessments of
the Sign test were performed in this study. In fact, when the survey
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units of the Rancho Seco NPP and Haddam Neck NPP were released
in the United States, the sign test was mainly performed [15]. Fig. 1
shows the procedures applied in the MARSSIM sign test.

The number of required samples Ns used in performing the Sign
test and the critical value (CV), a value that determines whether to
reject the null hypothesis, are calculated using Eqs. (1) and (2),
respectively.

Ns ¼
ðZ1�a þ Z1�bÞ2
4ðSign p� 0:5Þ2

(1)

CV ¼Ns

2
þ z
2

ffiffiffiffiffiffi
NS

p
(2)
- a ¼ Type I decision error
- b ¼ Type II decision error
- Z1- a ¼ Standard normal distribution value that cuts off 100(1 e

a)% of the upper tail of the standard normal distribution
- Z1-b ¼ Standard normal distribution value that cuts off 100(1 e

b)% of the upper tail of the standard normal distribution
- Sign P ¼ Estimated probability that a random measurement
from the survey unit will be less DCGL when the survey unit
median is actually at the lower bound of the gray region (LBGR)
z ¼ Value from the standard normal distribution that cuts off
100(1- a)% of the upper tail of the standard normal distribution

- Ns ¼ Number of measurements used to conduct Sign test

When making decisions, the null hypothesis (H0) is that the
median concentration of residual radioactivity in the survey unit is
greater than the DCGL. The alternate hypothesis (Ha) is that the
median concentration of residual radioactivity in the survey unit is
less than the DCGL. The gray region is a range of values of the
parameter of interest for a survey unit within which the conse-
quences of making a decision error are relatively minor. In MARS-
SIM, the upper bound of the gray region (UBGR) refers to the DCGL,
the LBGR refers to the expected median concentration of radioac-
tivity in the survey unit, and the difference between these two is
the shift (ðDÞ). Various parameters have been set up for the FSS
design, and their values have been determined. The relative shift is

obtained by dividing the shift by the standard deviation (s)
�
D =s ¼

DCGL�LBGR
s

�
. Two types of decision errorsmay occur. A Type I error is

a decision error that occurs when the null hypothesis is rejected
when it is true, and its probability is a. A Type II error is a decision
error that occurs when the null hypothesis is accepted when it is
false, and its probability is b. Table 1 summarizes the possible
decision-making options and probabilities in MARSSIM.

2.2. Application of sign tests to survey units with certain
radioactivity distributions

When the residual radioactivity of the decommissioned site has
a specific distribution, random sampling is performed assuming a
population with a specific distribution, such as a lognormal distri-
bution, to evaluate the effect on the statistical power of the sta-
tistical test in MARSSIM for the assumed distribution. The statistical
power is assessed by mean of a Sign test.

2.2.1. Selection of radioactivity distribution types of hypothetical
survey units

MARSSIMwas applied to the release of the decommissioned site
of the HaddamNeck NPP. The release process is divided into several



Fig. 1. Decision making process of the Sign test used in MARSSIM.
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phases within which surveys are conducted [16]. For the gamma
spectroscopy results of the surface soil samples obtained during
Phase Ⅶ, the distribution fitting was performed using Oracle®
Crystal Ball, and the analysis showed that approximately 81% of the
results corresponding to a lognormal distribution [17]. Although
the distribution fitting was performed based on surface soil sam-
ples, because information on the residual radioactivity of the entire
site (i.e., the population) had not been reported, it was determined
that randomly sampled values from the populationwould be useful
for this purpose because they represented the population to a
certain extent.

The EPA has reported that the two most important distributions
for statistical tests of environmental data are the normal distribu-
tion and lognormal distribution. Based on radioactivity analysis
protocols developed jointly by the U.S. government agencies
mentioned earlier, the nuclide concentrations of the NIST (National
Institute of Standards and Technology) ocean sediments tend to
have normal distributions [18,19].

In this study, therefore, general assessments were conducted
assuming five types of distributions. The two practically important
probability distributions (i.e., lognormal and normal distributions)
were preferentially taken into consideration and detailed assess-
ments were conducted in this study, because they have been sta-
tistically fitted from actual radioactivity data for surface soil
samples of an NPP and/or reported to represent certain environ-
mental radioactivity data. Even though the other three probability
distributions (i.e. maximum extreme value distribution skewed to
Table 1
Decision error types of statistical tests used in MARSSIM.

Decision from statistical test of final status survey results

Real condition of
the survey unit

Median < DCGL Median > DCGL
Median < DCGL Correct

(Probability ¼ 1-a)
Type II error

(Probability ¼ b)
Median > DCGL Type I error

(Probability ¼ a)
Correct

(Probability ¼ 1-b)
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the left relative to a normal distribution, minimum extreme value
distribution skewed to the right relative to a normal distribution,
and uniform distributions) have not been directly reported to
represent any actual radioactivity data, they were additionally
selected in this study in order to find general characteristics of
‘release probability’ for representative types of distributions (see
Section 2.2.2). It was also assumed that the general three types of
probability distributions can be represented by their characteristic
‘skewness’ rather than ‘kurtosis’. It is noted that the impact of
kurtosis on the release probability of five types of distributions can
be simulated by changing their standard deviations.

Probability density functions (PDFs) are defined by various pa-
rameters, including location parameters such as the mean and
median, which show where the distribution is located, and scale
parameters that show the degree to which the distribution is
concentrated or spread [20]. Table 2 summarizes the PDFs and
parameters for the five distributions assumed in this study [21].
2.2.2. Establishment of the release probability prediction method
To assess the statistical power for each distribution according to

the changes in various survey design parameters, possible statis-
tical test cases were set up by changing major survey design pa-
rameters, such as the decision errors a and b and the relative shift.
As shown in Table 3, values for the decision errors, a and b, of 0.01,
0.05, and 0.1 were assumed. The relative shifts were set to 1, 2, and
3, which are the values recommended by MARSSIM. A total of 27
cases were set up. First, after determining the distribution to be
assessed, the median and standard deviation of the distribution
were determined. Then, Np populations were generated for each
distribution and Sign tests were conducted by randomly extracting
Ns samples from the populations, where Ns is the number of sam-
ples required by the Sign test (see Eq. (1)). For this purpose, Oracle®
Crystal Ball was used [17]. Using the “define assumption” function,
a population with a certain distribution was assumed and samples
were extracted using a Monte Carlo simulation. When the statis-
tical tests were conducted by gradually changing the DCGL, the
number of populations were counted that passed the Sign test to



Table 2
Probability density functions of assumed distributions in this study.

Distribution Probability density function Location parameter Scale parameter

Lognormal distribution
f ðxÞ ¼ 1

xs
ffiffiffiffiffiffi
2p

p exp
�ðlnx� mÞ

2s2

�
expðmÞ ¼ Median

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
exp

�
s2

�� 1
�
exp

�
2mþ s2Þ�q

¼ Standard deviation

Normal distribution
f ðxÞ ¼ 1

s
ffiffiffiffiffiffi
2p

p e
�
1
2

	x� m

s


2 m ¼ Mean
Median ¼ Mean ¼ m

s ¼ Standard deviation

Max extreme value distribution

f ðxÞ ¼ 1
b
e
�
x� m

b e�e
�
x� m

b
m ¼ Mode

Median ¼ m� blnðln2Þ
b ¼ Scale

Standard deviation ¼ pffiffiffi
6

p b

Min extreme value distribution

f ðxÞ ¼ 1
b
e

x� m

b ee
�
x� m

b
m ¼ Mode

Median ¼ mþ blnðln2Þ
b ¼ Scale

Standard deviation ¼ pffiffiffi
6

p b

Uniform distribution

f ðxÞ ¼

8><
>:

1
b� a

for x2½b; a�

0 other wise

b ¼ Maximum
a ¼ minimum

Median ¼ b� a
2

N/A

Table 3
Statistical test cases for Monte Carlo simulations and their survey design parameters.

Scenario Relative shift a b Ns CV

A11 1 0.01 0.01 47 32
A12 0.05 34 24
A13 0.1 28 21
A21 0.05 0.01 34 22
A22 0.05 24 17
A23 0.1 19 14
A31 0.1 0.01 28 18
A32 0.05 19 13
A33 0.1 15 10
B11 2 0.01 0.01 24 18
B12 0.05 18 14
B13 0.1 15 13
B21 0.05 0.01 18 13
B22 0.05 12 9
B23 0.1 10 8
B31 0.1 0.01 15 10
B32 0.05 10 8
B33 0.1 8 6
C11 3 0.01 0.01 22 17
C12 0.05 16 13
C13 0.1 14 12
C21 0.05 0.01 16 12
C22 0.05 11 9
C23 0.1 9 7
C31 0.1 0.01 14 10
C32 0.05 9 7
C33 0.1 7 6

G.H. Chun and J.H. Cheong Nuclear Engineering and Technology 54 (2022) 1606e1615
evaluate how the DCGL changed to satisfy the designed decision
errors. In this study, the statistical power is defined by the release
probability which can be calculated using Eq. (3) as below.
Release probability ¼ The number of populations passing the MASSIM statistical test
Np

(3)
Fig. 2 shows the flow chart of the approach used to predict the
release probability of a site for a specific distribution.
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3. Results and discussion

3.1. General assessment on the release probabilities of the five
assumed distributions

To evaluate the applicability of the statistical tests of MARSSIM
according to Fig. 2 for the normal distribution, lognormal distri-
bution, maximum extreme value distribution, minimum extreme
value distribution, and uniform distribution assumed in this study,
the release probability for each distribution was assessed when
performing random sampling simulations by changing the relative
shift and a and b. In this study, the assessment was performed by
assuming certain scenarios. It is assumed that the contamination
range of a population was between 0 and 1, the median radioac-
tivity concentration of the population was 0.5, and the standard
deviation of the populationwas 0.05, 0.15, or 0.25. The NP was set to
10,000, and the Sign test was conducted for 10,000 populations to
calculate the release probability.
3.1.1. Impact of the standard deviation variance on the release
probability

To analyze the impact of varying the standard deviation, the
Sign tests were conducted for B23 in Table 3, with the relative shift
set to 2 and the decision errors set to the commonly used values of
a ¼ 0.05 and b ¼ 0.1, thus predicting the release probability. In the
case of B23, ten samples were randomly extracted for each case,
because Ns was 10, and the Sign test was performed for each case.
The release probability is shown in Fig. 3. According to MARSSIM,
when the radioactivity concentration of the site is the DCGL, the site
should be released with a probability of a or less; when the
radioactivity concentration of the site is the LBGR, the designed
decision error is satisfied by releasing the site with a probability of
1-b or more.

As shown in Fig. 3 (a), (b), and (c), because the uniform distri-
bution is not affected by the standard deviation, similar results
were obtained. As the standard deviation increased, the release
probability graphs of the distributions, excluding the uniform dis-
tribution, were skewed toward a uniform distribution because as



Fig. 2. Flow chart for a novel approach to predicting the release probability using Monte Carlo simulation.
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the standard deviation increases, the PDFs of other distributions
become closer to the PDFs of the uniform distribution. For the same
DCGL, the release probability decreased as the standard deviation
increased. In the case of all distributions, the designed Type I error
is always satisfied when the median is DCGL because the release
probability is always smaller than a. However, in the case of a
uniform distribution, as shown in Fig. 3 (a) and (b), the designed
Type II error may not be satisfied because the release probability
may be smaller than 1-b when the median is the LBGR.

3.1.2. Impact of the relative shift variance on the release probability
For the case in which the median of a population was set to 0.5,

the standard deviation was set to 0.15, a was set to 0.05, and b was
set to 0.1, the impact of the relative shift variance was analyzed. As
shown in Table 3, 19, 10, and 9 samples were extracted when the
relative shifts were 1, 2, and 3, respectively, for the Sign test, and CV
was 14, 8, and 7, respectively. Fig. 4 shows the results.

In all cases, the release was probably always less than or equal to
a when the median was DCGL. When the median was LBGR, only
the minimum extreme value distribution showed a release proba-
bility of 1-b or greater in the case of a relative shift ¼ 1; as the
relative shift increased, the distributions with a release probability
of greater than or equal to 1-b increased. In other words, when the
relative shift was small (e.g., 1), many distributions did not satisfy
the designed Type II error because the calculated DCGL was small
(i.e., DCGL ¼ LBGR þs$relative shift), as shown in Fig. 4 (a).

3.1.3. Impact of the decision error variance on the release
probability

For the case in which the median of a population was set to 0.5,
the standard deviationwas set to 0.15, and the relative shift was set
to 2, the statistical power for each distribution was analyzed ac-
cording to the change in the decision error. The Ns and CV values
used in the Sign test were those corresponding to B11 through B33
in Table 3. The results of the statistical tests are shown in Fig. 5.

As shown in Fig. 5, when the median is the DCGL, the release
probability is always less than or equal to a value for all
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distributions; therefore, the designed Type I error is always satis-
fied. However, when themedian is the LBGR, the release probability
is always smaller than 1-b for the uniform distribution and smaller
than 1-b in the cases of B13 and B32 in themaximum extreme value
distribution and the lognormal distribution; therefore, the
designed Type II error is sometimes not satisfied. This is because
the median is smaller than the mean in the maximum extreme
value distribution and the lognormal distribution; that is, these
distributions have a long tail to the right, and the probability of
sampling at or above the median is relatively greater compared to
the other distributions. In the case of a uniform distribution, if the
DCGL is 0.75, then the probability of sampling at or above 0.75
between a contamination range of 0e1 is as high as 25%, which is
much larger than that of the other distributions. Therefore, in the
case of these three distributions, the probability of incorrect failure
to reject the null hypothesis is large. As a result, the uniform dis-
tribution, maximum extreme value distribution, and lognormal
distributionmay not satisfy the designed Type II error if the DCGL is
set to a relatively small value. Therefore, when the preliminary
survey shows trends similar trends to those of the above distribu-
tions, it is expected that efforts such as preemptive decontamina-
tion may be required to satisfy the designed Type II error.
3.2. Detailed assessment on the release probabilities of lognormal
distributions and normal distributions

It has been reported that radionuclide concentrations in envi-
ronmental specimens and soil show lognormal and normal distri-
butions, and the residual radioactivity concentration analyses of
actual sites of NPPs have also confirmed that they are close to
lognormal distributions. Therefore, for the evaluation of more
practical situations, populations with lognormal and normal dis-
tributions of the residual radioactivity concentrationwere assumed
and the release probabilities were assessed by changing the stan-
dard deviation, relative shift, and decision errors to compare and
analyze the results of the two distributions in detail. The assess-
ment was performed by applying the same median and standard



Fig. 3. Release probability for the five distributions when the Sign test was applied by
changing the standard deviation. (a), (b) and (c) represent the results when the
standard deviation is 0.05, 0.15 and 0.25, respectively.

Fig. 4. Release probability for the five distributions when the Sign test was applied by
changing the relative shift. (a), (b) and (c) represent the results of the scenarios A23,
B23 and C23, respectively.
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deviation, as assumed in Section 3.1.

3.2.1. Comparison of the release probabilities between lognormal
distributions and normal distributions by varying the standard
deviation

To assess statistical performance with respect to the standard
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deviation, the median of the lognormal distribution and the normal
distribution was set to 0.5, the relative shift to 2, and the decision
error to a ¼ 0.05 and b ¼ 0.1. Then the assessment was performed
by varying the standard deviation, using values of 0.05, 0.15, and
0.25. Fig. 6 shows the results.

For standard deviations of 0.05, 0.15, and 0.25, both distributions
exhibited a release probability of 1-b or greater when the median



Fig. 5. Release probability for the five distributions when the Sign test was applied by changing the decision errors. (a) to (i) represent the results of the scenarios B11, B12, B13, B21,
B22, B23, B31, B32 and B33, respectively.

Fig. 6. Release probability for the lognormal distribution and the normal distribution
when the Sign test was applied by changing the standard deviation. The dotted lines
represent the lognormal distributions, and the solid lines represent the normal dis-
tributions. The red lines, blue lines and the green lines represent the results when the
standard deviation (SD) is 0.05, 0.15 and 0.25, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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was LBGR, thus always satisfying the designed Type II error and the
release probability of the normal distribution was greater than that
of the lognormal distribution. This is because the lognormal dis-
tribution is a distribution with a longer tail to the right, compared
to the normal distribution, and at a DCGL point at which themedian
is the LBGR, the area of the right side is larger in the normal dis-
tribution than in the lognormal distribution. The point at which the
lognormal distribution and the normal distribution meet on the
graph is the point at which the area becomes identical. As the
standard deviation increases, the tail of the lognormal distribution
becomes longer to the right, and the position of the point at which
the two graphs meet is shifted to the right. As the standard devi-
ation increases, the DCGL for satisfying the release probability of
0.9, which is 1-b, increases. When the standard deviation is the
smallest, the release probability graphs of the two distributions
show similar results because as the standard deviation decreases,
the PDFs of the lognormal and normal distributions exhibit more
similar shapes.

Furthermore, when the median is DCGL, the release probability
is always less than a in all cases, indicating that the designed Type I
error is always satisfied. In such a situation, the lognormal distri-
bution exhibits a greater release probability than the normal



Fig. 7. Release probability for the lognormal distribution and the normal distribution
when the sign test is applied by changing the relative shift. The dotted lines represent
the lognormal distributions, and the solid lines represent the normal distributions. The
red lines, blue lines and the green lines represent the results when the relative shift
(RS) is 1, 2 and 3, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Release probability for the lognormal distribution and the normal distribution
when the Sign test is applied by changing the decision errors. The dotted lines
represent the lognormal distributions, and the solid lines represent the normal dis-
tributions. The red lines, blue lines and the green lines represent the results when b is
0.01, 0.05 and 0.1, respectively. (a), (b) and (c) represent the results when the a is 0.01,
0.05 and 0.1, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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distribution.

3.2.2. Comparison of the release probabilities between lognormal
distributions and normal distributions by varying the relative shift

To assess the change in the release probability with respect to
the relative shift, the median of the lognormal distribution and the
normal distribution was set to 0.5, the standard deviation to 0.15,
and the decision error to a ¼ 0.05 and b ¼ 0.1. Then the assessment
was performed by changing only the relative shift. Fig. 7 shows the
results.

For a relative shift of 1, both distributions failed to satisfy the
designed Type II error when the median was LBGR, because the
release probability was less than 0.9, which was 1-b. However, as
the relative shift increased to 2 and 3, the release probability
increased, with a value larger than that of 1-b. Furthermore, as in
the results described in Section 3.2.1, when the median was LBGR,
the release probability of the normal distribution was larger than
that of the lognormal distribution in all cases.

In every case, when themedianwas equal to DCGL, the designed
Type I error was always satisfied because the release probability
was less than a. However, when the relative shift was the same, the
release probability of normal distributions at the point at which the
median is DCGL is larger than that of the lognormal distribution.

3.2.3. Comparison of the release probability between lognormal
distributions and normal distributions by varying the decision errors

To assess the statistical power with respect to the decision er-
rors, the median of the lognormal distribution and the normal
distribution was set to 0.5, the standard deviation to 0.15, and the
relative shift to 2. Then the Sign test were performed by changing
only the values of a and b. Fig. 8 shows the results.

For a fixed value of a, both the lognormal and normal distribu-
tions showed that the release probability decreased when the
medianwas LBGR as the value of b increased. For the same case, the
release probability of the normal distribution was larger. In most
cases, the designed Type II error was satisfied. However, in the case
of the lognormal distribution, as shown in Fig. 8 (c), the release
probability of B32 was smaller than 1-b when the median was
LBGR. Thus, the designed Type II error was not satisfied. Similarly,
as shown in Fig. 8 (a), the lognormal distribution did not satisfy the
designed Type II error in the case of B13, because the release
probability was smaller than 1-b when the median was LBGR.
1613
In all cases, the designed Type I error was satisfied. For a fixed
value of b, both distributions show that the release probability in-
creases as the value of a increases when the medianwas DCGL, and
for the same case, the release probability of the lognormal
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distributionwas larger. However, when the medianwas DCGL, both
distributions showed that the release probability of B32 was
smaller than that of B22. In the case of B21 and 31, there was an
exception: the release probability of the lognormal distributionwas
slightly lower than that of the normal distribution.

As a result of assessing the statistical power of the lognormal
and normal distributions, it was found that both distributions al-
ways satisfied the designed Type I error, and except for some cases,
they satisfied the designed Type II error. Furthermore, when
examined in terms of the two decision errors, it was found that the
normal distribution had a greater statistical power than the
lognormal distribution in both Type I and II errors. In other words,
from the standpoint of both regulators and NPP licensees, they
should put more effort into reducing their respective risks when
they apply the nonparametric statistical test of MASSIM to the sites
showing lognormal distributions compared to the sites showing
normal distributions.

Furthermore, the results of this study were compared with
those of a previous study that evaluated the statistical power when
applying the nonparametric statistical test of MARSSIM to hypo-
thetical sites at which the residual radioactivity had a normal dis-
tribution [14]. According to the results of the previous study, the
estimated power was less than or equal to the designed awhen the
median of the radioactivity concentration was DCGL, whereas the
estimated power was less than or equal to the designed bwhen the
median of the radioactivity concentration was LBGR. Likewise, this
study showed that the release probability was less than the
designed awhen the median of the radioactivity concentrationwas
DCGL and less than the designed b when the median was LBGR. In
other words, in the case of survey units for which the radioactivity
concentration has a normal distribution, high statistical power can
be obtained by applying the MARSSIM statistical test.

4. Conclusion

To assess whether sufficient statistical power of the nonpara-
metric statistical test of MARSSIM can be obtained for an NPP site
having a specific residual radioactivity distribution, a novel
approach was proposed to predict the probability of releasing the
site before conducting the FSS and the release probability for the
assumed five types of statistical distributions was calculated.

In the cases of uniform, maximum extreme value, and
lognormal distributions, the designed Type II error was not satisfied
for some test cases in which the standard deviation was large, or
the relative shift was small. It can be attributed to the long tails to
the right of the PDFs and thus larger probabilities of sampling
values greater than the DCGL for maximum extreme value and
lognormal distributions. In the case of uniform distribution, the
radioactivity was distributed widely with the same probability, so
that the probability of sampling values greater than the DCGL was
larger than the other four distributions whose PDFs have tails to the
right. In other words, when the nonparametric statistical test of
MARSSIM was applied to release sites at which the residual
radioactivity had any of these three distributions, the risk of
incorrectly failing to reject the null hypothesis may exceed the
designed decision errors. However, all of the assumed five distri-
butions satisfied the designed Type I error. That is, in the case of
Type I error, no risk greater than expected was identified when
MARSSIMwas applied. Thus, from the perspective of regulators, the
risk would be within the target range, even if the residual radio-
activity distribution followed any specific parametric distributions
considered in this study.

To reflect more practical situations, the release probabilities of
the survey units were compared and analyzed for statistical test
cases assuming lognormal and normal distributions, which have
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been observed in environmental soil samples in the literature and/
or for actual FSS data from an NPP analyzed in this study. Mostly, it
was found that the normal distribution had a smaller decision error
than the lognormal distribution in both Type I error and Type II
error. Therefore, when the statistical test of MARSSIM is used to
decide the site release, both regulators and NPP licensees should
consider that the release of survey units with lognormal distribu-
tions has associated with it a greater risk than the release of survey
units with normal distributions.

If the contamination distribution trend of survey units can be
identified in an early survey stage such as scoping survey or char-
acterization survey, the release probability prediction methodology
derived in this study can be used to support the decision-making
concerning the release of survey units in advance of conducting
the FSS. Furthermore, the NPP licensees may reduce unnecessary
costs to be entailed when the FSS is to be failed, by taking appro-
priate remediation actions before the FSS if the survey unit turns
out to be susceptible to fail the statistical test using the prediction
method.
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